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PREFACE

IN writing this book, the author has aimed at presenting
in as simple a form as possible all .those branches of the

subject which permit of treatment by elementary mathe-

matics, and with the exceptions of Arts. 283 and 300, only
a knowledge of elementary algebra and geometry has been

assumed on the part of the student. It is therefore hoped
that the work will be found suitable for the highest forms

of secondary schools as well as for technical schools and

colleges and for those reading for the Intermediate and
Pass Degrees of the Universities.

The book is based on the notes accumulated by the

author for some years, a large portion of these being derived

from the lectures delivered by his former teacher, Prof.

C. H. Lees, D.Sc., F.R.S., and for any merit which the book

possesses the author is accordingly indebted to him.

While the author has endeavoured to avoid plagiarism
as far as possible/ the subject is too old a one for him to

hope that this has been entirely achieved.

The text has been very freely illustrated with diagrams,
and the author is greatly indebted to the publishers for

their courtesy and consideration in this direction. He also

desires to express his gratitude to Messrs. Philip Harris and

Co., of Birmingham, for the loan of blocks for some sixteen

illustrations, to the Cambridge Scientific Instrument Co,

for Fig. 195, and* to Mr. Edward Arnold for Fig. 60.

A large number of questions set at various public examina-
tions have, by permission, been included at the ends of the

chapters, and it is hoped these will greatly increase the
value of the book to students. The following are the
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authorities to whom the author's grateful acknowledgments
are due for permission to insert questions :

The University of London.
The University of Manchester.

The Syndics of the Cambridge University Press.

His Majesty's Stationery Office.

The Cambridge University Local Examinations Syndicate and
the Oxford and Cambridge Schools Examination Board.

The source from which each question has been drawn is

indicated by the following abbreviations:

C. Tripos Mechanical Science Tripos, Cambridge University.
C. Tripos I. Natural Science Tripos, Part I., Cambridge

University.
C. Tripos II. Natural Science Tripos, Part II., Cambridge

University.
C. B.A. II. Ordinary B.A., Part II., Cambridge University.
C. Sp. Second Special Examination in Physics, Cambridge

University.
L. Inter. Sci. Intermediate Science Examination, London

University.
L. B.Sc. Pass B.Sc. Pass Examination, London University.
L. B.Sc. Rons. B.Sc. Honours Examination, London Uni-

versity.
M. Intermediate Science Examination, Manchester Uni-

versity.
H. L. Oxford and Cambridge Higher Local Examination.

C. S. Loc. Cambridge University Senior Local Examination.

Army, Civil Service Commission, Military Entrance Examina-
tion.

In conclusion the author expresses his grateful thanks

to his colleague, Mr. Arnold Thornton, B.Sc., for his kind-

ness in reading proofs at a time when he should have been

allowed to enjoy an undisturbed and well-earned holiday.

IVOR B. HART.
LEAMINGTON SPA,
Christmas 1915.
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A STUDENT'S HEAT

CHAPTER I

THE MEASUREMENT OF TEMPERATURE

i. Sensation of Hotness. Our first ideas of heat are derived

from our sensations. As part of the nervous equipment, we

possess certain nerves distributed all over the body, which
tell us that a room is hot, or that it is a chilly night. We be-

come aware through their agency of different degrees of
"
hotness

"

or warmth, and we interpret these impressions by speaking of

different temperatures. Thus we say that hot water is at a higher

temperature than cold water. In the early days
of physical

science, the interpretations of temperature sensations were very

vague, and comparison of degrees of hotness or warmth amongst
different observers was a matter of great difficulty. Nowadays,
however, exact schemes of temperature gradations have been

agree.d upon, and the language of temperature is universal.

The first step in this direction was the realisation of the un-

reliability of human sensations in interpreting temperature.
A may be sitting in a room quietly reading, thinking meanwhile
that it is a cold day, whilst B may presently enter after a five

mile run and complain that the air is hot. Both cannot be

right, and often both may be wrong; the true facts are so

frequently obscured by the immediately past history of the

system.
The familiar experiment of the three bowls brings this out very

well indeed. Take three bowls A, B, and C, A containing cold

water, B lukewarm water, and C hot water. Plunge the right
hand in C and the left hand in A. After a minute, suddenly
transfer both hands into B. Then to the left hand it will feel

hot in contrast with the coldness of A, and to the right hand it

A
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will feel cold in contrast with the hotness of C. Yet both are

in the same bowl B which is neither hot nor cold.

Our own sensations, therefore, are unreliable as indicators of

temperature. Yet exact indications of temperature form the

basis of our study of heat, and it is very necessary to devise

some means of ascertaining exactly the degree of hotness of a

body. An instrument which does this is known as a thermometer,
and as far as possible we endeavour to use in thermometry
properties which bring our own sensations into play as little

as possible. This
"
personal equation," as it is called, cannot

entirely be avoided, and usually the nerves of vision have to be

employed. These, however, are far more reliable than our
"
temperature nerves," and for most purposes the normal

eyesight is adequate.
To avoid, then, the possibilities of error, we must take advan-

tage of the effects which heat has upon inanimate objects. There

are several such effects which are used in thermometry, the two
chief being (i) the influence of heat upon the linear dimensions of
a body, and (2) the influence of heat upon the electrical properties

of certain bodies. We shall develop these two
considerations in their applications to thermo-

metry in some detail.

2. The Influence of Heat upon the Linear

Dimensions of a Body. With a very few ex-

ceptions, which will be dealt with separately,
all bodies expand on heating and contract on

cooling. This is true for lines, areas, and

volumes, and also for all three states of matter

solid, liquid, and gaseous. This property has

of course been known for centuries, and we
meet with examples of its action almost every

day of our lives. The following simple experi-
ment will serve to illustrate the effect in the case

of solids and liquids. F is a flask (Fig. i) filled

with a liquid, and fitted with a cork through
which passes a long vertical tube AB. The

liquid completely fills the flask and part of theFig.l

stem. Its level C is indicated by means of a piece of paper DE
with graduations marked on it, fixed as shown. The whole is

mounted on a tripod stand. Heat is now applied by means
of a bunsen burner, and the first effect noticed is that the level
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of the liquid in the stem falls a little. It then stops, and on
further heating steadily rises. On allowing the apparatus
to cool, the liquid once more falls in the stem, and reaches its

original position at C on again attaining the temperature of the

room. The explanation of the initial fall of the level of the

liquid is as follows. On first applying the bunsen flame, the

heat affects only the glass. The heat does not instantaneously

penetrate to the liquid within, and therefore the glass alone

is first warmed. It expands, and thus compels some of the

liquid in the stem to occupy the small increased volume in the

flask, and the level in the stem falls. Soon, however, the heat

reaches the liquid itself, which now expands, and is forced

steadily up the stem. This ceases when the flame is withdrawn,
and the subsequent cooling produces the contraction which

brings the liquid back to its original level.

The expansion ofgases on heating is illustrated by the following

experiment. Take a small flask, and gently warm it for some
time over a bunsen flame. Now invert it and place its open
end in a beaker of water (Fig. 2). It will be

seen that the water rises up in the flask a con-

siderable distance, the rise continuing until the

flask has cooled to its original temperature.
When it was first heated, the air within ex-

panded, and much of it was forced out. On
placing its open end under cool water, the flask

was full of hot air. As this cooled, it contracted,
and its pressure was therefore reduced below

Fig.2
that of the atmospheric pressure exerted on the

level of the water in the beaker. Equilibrium being thus

disturbed, water was forced up the neck of the flask until the

pressures inside and out once more became equal.

3. The Application of Expansion to Thermometry. This

property of the expansion of substances on heating at once
affords a ready means of indicating the temperature of a body.
If we know that the hotter a substance gets, the longer it

gets, then by observing the variations in length which a body
undergoes we are able to deduce the corresponding varia-

tions in temperature of which these differences in length are a

consequence.
Hence the great importance of being able to measure exactly

the amount of expansion which different substances suffer on
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heating. These measurements will be considered very fully in

the next chapter. For the present, however, it will be sufficient

to point out that in the case of solid bodies, the amount of

expansion for ordinary ranges of temperature is too small to be

O^
employed usefully in thermometry. Thermometric
measurement is therefore almost entirely confined to

the expansion of liquids and gases.

4. The History of the Thermometer. One of the

earliest instruments on recordwas that used by Galileo

in 1592 to illustrate his lectures. This consisted of a

flask AB with a long narrow neck (Fig. 3), inverted,
with its end B dipping into a small reservoir of

coloured water. Some of the air within the flask

having been withdrawn, the decreased pressure of

the air so produced caused the water to rise in the

neck. The position of the head of the column was
indicated by a scale SS at the side. The effect of

heat is much greater upon air than upon water, and
?B hence, when the temperature rose, the liquid fell

in the stem, and vice versa.
r ig. 5 rpj^ ck'ef error m th^ instrument arises from the

fact that not only does the position of the liquid in the stem

depend upon the temperature, but also upon the barometric

pressure. Galileo, however, was probably unaware of

this, as the barometer was not invented till about 1642.
Various modifications of this thermometer followed,

until in 1603 it had taken the following form. The
same flask was used, but was no longer inverted

(Fig. 4). In place of the reservoir, a small column of

coloured water was introduced into the neck of the

flask, and kept in position by capillary attraction. It

would rise and fall in the stem with the expansion and
contraction of the air in the bulb, and the scale SS

gave its exact position. This proved a very trouble-

some form, for apart from the barometric error, which
of course is serious, the capillary attraction was often

insufficient to keep the thread of liquid in position,
and it would run down into the bulb.

Further modifications became necessary. The Florentine

Academy (a famous seventeenth -
century school of physics)

therefore definitely abandoned air as a thermometric substance,
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and used a flask having a small bulb and a long neck of fine bore,

open at the top, and almost completely filled with liquid (Fig. 5).

This corrected the barometric error to some extent.

In 1641, for the first time, a tube was used which was closed

at the top after the air had been driven out by heating, and the

liquid used was alcohol.

Experiments now took a more widened range, and the need

was strongly felt for a systematic method of graduation.
The method adopted by the Florentine Academy was to take

as the zero mark the indication of the liquid level when placed

, lo. Summer Temp

!
Xv

-': Coloured
Modern
Mfircury
Thermometer

o Winter Tmp
rAlcohol

Fig.5 Fig. 6 Fig.7

in a certain cellar in Florence in winter. The indication in

summer gave what was known as the ten of the scale. These two

were separated by ten equal divisions, the graduations taking
the form of coloured beads.

It was soon found that the cellar temperatures differed in

successive years, and it became necessary to adopt standard

temperatures which could be relied upon to remain constant.

The melting-point of ice was found to satisfy this condition,

and accordingly it was chosen as a standard temperature.
In 1703 Amontons discovered that the boiling-point of water

was another fixed point. Finally, by 1714 Fahrenheit had used

mercury as his thermometric liquid, and the modern ther-

mometer accordingly dates from that time (Fig. 7).

5. Air Thermometers. Before we proceed to consider in
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detail the various kinds of liquid thermometers, it will be advis-

able at this stage to refer to air as a thermometric substance.

We have seen that this was the first form of thermometer used,
and although the variations in the atmospheric pressure made
Galileo's thermometer unreliable, yet air and, indeed, all gases

give a relatively large and uniform response to temperature

changes. If then it is possible to overcome the errors due to

barometric pressure, we have in air thermometers a very
sensitive index to temperature changes.
A simple and useful form is that known as the differential air

Fig.8
Differential Air Thermometer

Principle of^%
Constant Vbi

um Gas Thermometer

Fig.
9

thermometer. This consists of two bulbs connected by tubing
in the manner indicated in Fig. 8. By opening the stop-cock E
in the horizontal connecting-tube CD the pressures on each side

of the tube are equalised and the liquid (introduced through

FF) will therefore be at the same level as indicated by the

scales on the stand. The stop-cock E is then closed. If now the

bulb A is at a higher temperature than B, the air within expands
and forces the liquid in the left-hand column down and in the

right-hand column up. This is a very sensitive arrangement,
and indicates the presence of very small differences of tempera-
ture, and for this purpose is very useful.

6. Constant Volume Gas Thermometers. We shall see in

Chapter IV. that for standard purposes liquid thermometers are
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of little value, and gas thermometers alone are used. Although
we cannot yet consider these fully, we will now proceed to a

general outline of the principle employed in this type of

thermometer.

Instead of measuring the expansion of gas caused by a rise

in temperature, we prevent the gas from expanding by applying
an opposing pressure. Instead then of a relation between the

temperature and the expansion it produces, we obtain a relation

between the temperature and the pressure applied to prevent the

expansion, and to maintain a constant volume. To every pressure
there corresponds a definite temperature of the gas, and thus we
have what is called a constant volume gas thermometer. Fig. 9
illustrates the principle of the apparatus details will be con-

sidered in Chapter IV. The gas is contained in a bulb A con-

nected as shown to a U-tubeBCD, in which is mercury. Projecting
from the tube at F is a horn-shaped index, and the level of the

mercury in the left-hand limb is always maintained so as just to

reach the extremity of this index. In this way the volume of

the gas keeps constant.

The gas is heated in a bath. It tends to expand and to force the

mercury down, but to prevent this some more mercury is intro-

duced through the thistle funnel E. If the difference in the two
levels h is added to the atmospheric pressure as indicated by a

barometer, we get the pressure corresponding to the temperature
of the gas. By plotting a curve or drawing up a table of results,

the instrument is ready for use as a thermometer.

7. Liquid Thermometers. It will be noticed that the arrange-
ment shown in Fig. 9 is not a portable one. It is therefore incon-

venient for everyday use. For this pur-

pose liquid thermometers are almost

entirely in vogue. We come therefore

to a detailed consideration of liquids as v.

thermometric substances. (V
Choice of Liquid. For ordinary pur- Error

poses the two liquids almost exclusively
used are mercury and alcohol. Of the

two, mercury is preferable. Its chief

PBf

Alcohol Mercury

Fig. 10

advantage over alcohol is that it does not wet the sides of the

tube. Suppose, for example, an alcohol thermometer suffers a

fall in temperature (Fig. 10). The reading appears to have

fallen from A to B, whereas since some of the liquid has been
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clinging to the sides of the tube, the true reading should be C, a

little distance above B. This does not happen in the case of

. mercury, which instantane-

4* ously records the true changeDin temperature. A further

pi.
+4 advantage is that mercury

o' is very sensitive, and a small

Hi'* ^^^ -'

amount * ^eat Pr duces an

Method of testing the Stability appreciable expansion Add

of a t^e for a Thermometer to this the fact that it IS

easily obtainable in a state

of great purity, and it will be seen why mercury thermometers

are so popular.
8. Construction of Mercury Thermometer. The thermometer

consists of a bulb, generally cylindrical, connected with a long
stem having a fine capillary tube. It is highly desirable that as

far as possible this tube should be of uniform bore, and the first

step in the construction of the thermometer is to test the tube

to see if this condition is satisfied. A small thread of mercury is

introduced into the tube, and its length AB is

IM* carefully read off by means of a microscope M
(Fig. n). The thread is now pushed a little further

along the tube, and its length read off again.
Variations in this length indicate variations in the

cross-section of the tube, and if it is not uniform

within reasonable limits, it is rejected, and another

tested until a suitable tube is obtained. Even
then a correction curve has to be drawn up for

the thermometer when completed, as we shall

shortly see.

A tube having been chosen, a bulb is blown at

its lower end, whilst its upper end is formed into

a cup-shaped opening with a constriction C just
below it (Fig. 12). Mercury is poured into the

cup, but the bore is too fine to permit it to run

Fig.
12 down to the bulb. It therefore

"
sits

" on the

constriction, and has to be forced down by
repeatedly heating the bulb slightly above the highest tem-

perature for which the thermometer will be required, thus

driving the air out. This has to be repeated several times, each

time the mercury descending in drops, until the bulb and stem
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Rg.13

are full of hot mercury. The top is then sealed off at the con-

striction C, and on cooling the mercury descends.

The thermometer should now contain nothing but mercury
and a little mercury vapour, but as a matter of

fact most cheap thermometers are not completely
exhausted of air, a small trace usually being left.

This, however, is by no means a serious fault.

Finally, the thermometer is strongly heated in

an oven for about twenty-four hours at its highest

temperature. This reduces serious defects in the

glass to which reference will presently be made.

9. The Fixed Points. Having filled the ther-

mometer, we now proceed to mark the fixed

points (the melting-point of ice, and the boiling-

point of water) upon it.

To determine the melting-point of ice, the ther-

mometer is placed in ice-shavings, or better still

in clean snow (Fig. 13), and is left there for half-

an-hour or so. When the reading attained is seen

to be quite constant, its position on the stem is noted.

To determine the boiling-point of water it is necessary to keep
the thermometer well immersed in steam arising
from boiling water. The experiment must be

carried out at atmospheric pressure.
Differences in pressure affect the boiling-point,

and so provision must be made for the steam to

escape as fast as it is formed otherwise its

pressure will increase, and this will have the effect

of raising the boiling-point. The apparatus there-

fore takes the form of Fig. 14. A copper vessel

A containing water is surrounded by an air jacket
BB. Leading from the air jacket is the steam
outlet C, whilst a small manometer M indicates

the pressure. The thermometer T does not dip
into the water at A, but is over it, and when the

water boils the bulb and stem are completely
surrounded by the steam, which moves upwards
in the direction indicated by the arrows, and

escapes through the outlet C. The mercury level

is seen just above the cork, and when it is observed to be

steady, its position on the stem is carefully noted.
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10. Standard Conditions for Boiling-Point of Water. Since the

variations in the atmospheric pressure affect the boiling-point,
it becomes necessary to specify the exact conditions under
which the boiling-point of water is taken as a standard tempera-
ture. If these standard conditions are not present, a correction

must be made.
The standard conditions for the fixed points are :

(1) A pressure of 760 mms. of mercury;

(2) the temperature of the mercury column to be that of

melting ice
;

(3) observations to be on the sea-level;

(4) and at latitude 45 N. or S.

The need for these conditions arises from the following
considerations :

(1) For every centimetre increase in the barometric pressure
the boiling-point of water is raised .35 C. (see Chapter VI.).

(2) Because mercury expands on heating, its density decreases;
this affects the barometric pressure, since pressure =hgq, where
h= height, g the value of gravity, and Q is the density.

(3) g has not a fixed value, but is greater as we approach the

centre of the earth, and decreases as we get farther from it.

Hence we adopt the sea-level as a standard distance from the

centre of the earth.

(4) The earth is not a sphere, but an oblate spheroid. Con-

sequently, even on the sea-level, distances from the centre of the

earth vary according as we are near the poles or near the equator.
Hence it is necessary to specify a definite parallel of latitude,
and latitude 45 N. or S. is therefore chosen.

11. Systems of Graduation. For scientific purposes, the

system of graduation universally adopted is that known as the

Centigrade System, and was first used by Celsius in 1742 at Upsala
University, Sweden. The melting-point is called zero, and is

marked o C., and the boiling-point is called 100 C. The inter-

mediate space is carefully divided up into 100 divisions. These
are divisions of equal volume, and only become equal in length
when the bore is perfectly uniform throughout its whole length.

In addition to their scientific utility, Centigrade thermometers
are used for ordinary purposes in most countries in which the

metric system has been adopted. In this country, however,
for household purposes, and also for commercial purposes, the

Fahrenheit thermometer is the most frequently used. On this



MEASUREMENT OF TEMPERATURE 11

scale the temperature of melting ice is taken as 32, and the

boiling-point is marked 212,, the intervening space being there-

fore divided up into 180 volume divisions. This is a very
cumbersome scale, but nevertheless it is widely used. The
zero of this scale is the tempera-
ture of a freezing mixture of

ammonium chloride and snow, but
whether this is why Fahrenheit

adopted it or no is doubtful.

The Reaumur scale, having the

wo fixed points o R. and 80 R.

respectively, is used to some extent

in some parts of Russia, but in this

country is practically non-existent

outside text-books.

12. Relation between the Scales. M.P-

The conversion of temperatures
from one scale to another is a

simple but important matter.

C

.00
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Cross-multiply, .*. 96.
=

5F. 160

.'. 9C.-5F. = -160
ButF= C. .-. 9C.-5C. = -160

.'. 40. = -160
.'. C. = F. = -40

The quickest method, however, for converting from Fahrenheit

temperatures to Centigrade, or vice versa, is by a graph. The

Fahrenheit

FIG. 1 6.

diagram (Fig. 16) explains this immediately, and provided the

scale of the graph is big, the method is accurate.

i 13. Defects in Mercury in Glass Thermometers. Mercury
thermometers are subject to certain defects which in accurate

work are a source of annoyance unless provision has been made
to reduce them to a minimum. The errors are almost entirely due
to the glass, and not to the liquid.
The Secular Rise of the Zero. When glass is subjected to a

fairly high^temperature, as happens when a thermometer is

being made, on subsequent cooling it does not at once contract

to its original volume. Consequently for a long time after manu-
facture the bulb continues very slowly to contract, thus making
what was originally the zero division too low. In consequence
there occurs in the zero of the instrument a gradual rise which

may continue for many years. The zero of a thermometer made
by Joule in 1844 for observations of this secular rise, as it is

called, is appreciably higher now than it was then.
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Glass has no definite physical structure such as is possessed

by crystalline bodies, and at most temperatures it shows a
certain amount of plasticity, like pitch. It is in order to reduce
this error to a minimum that the thermometer, when made, is

annealed by being baked and then slowly cooled, as explained
in Art. 8

; but for accurate working the instrument should

occasionally be re-standardised.

Depressed Zero Error. Another error traceable to the same

cause, in which a depression of the zero is produced, arises in the

following way. Suppose we have a thermometer at the tempera-

3456
Temporary depression

about iC
FIG. 17.

Time (in hours)

ture of the room, say 15 C., and we suddenly plunge it into ice.

The thread falls rapidly to a little below the zero mark, but in

an hour or two slowly returns to its normal position. Now heat

it by immersing it in steam; it records the correct temperature
of 100 C. Now again plunge it in ice ;

we find the reading is as

much as half a degree below the zero mark, the error gradually

disappearing in about four hours. (See Fig. 17, which is not

drawn to scale.)

The explanation is that in cooling from a high temperature
to zero, the glass does not instantaneously accommodate itself

to the lower temperature ;
the bulb is bigger than the volume

corresponding too C., and therefore the mercury descends too far.

Experiments carried out at the U.S.A. laboratory at Wash-

ington showed the following depressions of the zero in cooling
from different temperatures :
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" Hard "

Glass Statistics

Original temperature. Depression of Zero.

20 C. .019 C.

40 C. .039 C.

60 C. .060 C.

80 C. .082 C.

100 C. .106 C,

The rate of recovery was found to be .0011 C. per minute.

It will be seen that the depression is very nearly proportional
to the excess of the original temperature over zero.

14. Analytical Definition of Temperature. This error of the

depression of the zero has led to a modification in the analytical
definition of temperature. The old method used in this country
until about twenty years ago was known as the Kew Definition,

or the Fixed Zero Definition.

If t be the temperature of the thermometer, then - will
100

equal the ratio of the difference between the thermometer

reading at f and the zero to the difference between the reading
at 100 and the zero,

ioo r1QO -z

where n and r100 are the thermometer readings at t and 100

respectively.
This definition did not take into account the depression of the

zero. Its disadvantage was due to the fact that ZQ ,
the true zero,

is difficult to determine, requiring long experiment.
The definition now generally used is given by

t rt -zt

ioo~>100 -z100

where r and r100 are as before the thermometer readings at t

and 100 respectively, and zt and ]00 are the
"
depressed zero

"

readings at f and 100 respectively. These
"
depressed zero

"

readings are obtained instantaneously, and hence the advantage
of this definition.

15. Correction Curve for Liquid Thermometers. The ordinary

cheap form of mercury or alcohol thermometer in daily use is

rarely correct, and a correction should be applied to all readings
taken for accurate work. This is best done by means of
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a correction curve. As a first approximation, this can be

readily obtained by determining the errors at o C. and 100 C.

and plotting a "
straight-line

"
curve, connecting error with

temperature reading.
Two examples are shown. In thermometer A (Fig. 18) a

Thermometer Reading Centigrade

positive correction is necessary at the zero reading, and a nega-
tive correction at the 100 reading. It will be seen that at one

point no correction is necessary. In B (Fig. 19) the correction

is positive throughout.
This is only an approximate correction

; comparison at a large
number of temperatures with a standard thermometer may
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show a correction curve like the irregular line in Fig. 18, but

for ordinary purposes the
"
straight-line

"
curve is sufficient.

The National Physical Laboratory undertakes the testing of

thermometers for a small fee, and supplies the necessary curve.

16. Special Forms of Mercury Thermometers. For meteoro-

logical and other purposes, it is often necessary to know what
has been the maximum and minimum temperature readings

Alcohol A Mercury A

Fig. 20 Fig. 21

A

recorded by an instrument during any day. For this purpose
some self-recording device must be adopted which renders the

continual presence of an observer unnecessary. In minimum
thermometers the liquid used is alcohol, and the tube is kept
horizontal. A small steel dumb-bell-shaped index is introduced

as shown in Fig. 20. The meniscus curving inwards, the surface

tension drags the index back with the liquid when
the temperature drops, but leaves it behind when it

rises. Hence the position A of the index at the end
of the twenty-four hours indicates the lowest tem-

perature reached during that interval.

In maximum thermometers mercury is used (Fig.

21). The meniscus is now directed outwards, so

that the index is moved with the column on a rise

in temperature, but is left behind when the tem-

perature falls. Hence the maximum temperature
for any interval is recorded. The index can always
be brought back in contact with the liquid by
means of a magnet.

Six's Self-Registering Thermometer. This form,

deservedly popular, gives both maximum and
minimum readings. It is illustrated diagram

-

matically in Fig. 22. The tube is bent as shown, and
terminates in two bulbs A and B. A contains alcohol, which
reaches round the tube to C. From C to D the tube contains

mercury, whilst from D to B, partly filling the upper bulb, we
have alcohol again. Above D and C are the two indices. On a

rise in temperature, the liquid in A expands, and pushes the

Fig. 22
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mercury column round. This forces the index e up, but the

index / is left behind. Index e therefore records maximum
temperatures. When the temperature falls, the liquid in A
contracts, causing the column DC to recede. Index e is left

behind in the alcohol, but index/ is forced back at each recession.

Hence index / registers the minimum temperature for any
interval.

Clinical Thermometers. For medical purposes, it is often

required to record the temperature of the human body. On
removing the thermometer to the cold air, the thread would at

once fall. To prevent this, the thermometer is provided with a

small constriction just above the bulb. On heating, the mercury
is easily forced past the constriction, but it is unable to return

without being shaken. Accordingly the doctor is able to read

the temperature recorded without inconvenience. Clinical

thermometers only register a small range of temperature
say 95 F. to 110 F. and are therefore very small and

portable.

17. Extension of Range of Temperature Readings. Range of

Mercury Thermometers. Mercury solidifies at a temperature
of 38.8 C., and it boils at 356.7 C. An ordinary mercury
thermometer is therefore safely able to record temperatures up
to 300 C., but is of little use for low temperatures.

Extension of Range Downwards. When we wish to measure
low temperatures, some other liquid having a lower freezing-

point than mercury must be used. Alcohol has a freezing-point
of 130 C., and therefore it is very suitable for low temperature
thermometry. Other liquids which are finding favour are toluene,

petroleum, ether, and pentane.
Extension of Range Upwards. For this purpose we have a

special bulb fitted at the upper extremity of the ordinary mercury
thermometer, and over the liquid we introduce an atmosphere
of nitrogen under great pressure. This increased pressure has
the effect of considerably raising the boiling-point of mercury,
and hence of extending the range of its utility as a thermometric

liquid.
1 8. Fery's Spiral Pyrometer. For the measurement of high

temperatures, liquid-in-glass thermometers are useless, and we
have to look for other means. One of these is Fery's Spiral

Pyrometer. This resembles the thermometers we have already
described in that it depends upon the expansion effect of heat
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upon substances, but in this case the liquid is replaced by a

spiral strip made of two metals.

The principle upon which this instrument depends is that

heat affects different substances differently, so that the same
increase in temperature will make two different metals of initi-

ally identical dimensions expand by different amounts. If we
have two equal strips A and B (Fig. 23) firmly joined together,
such that heat makes A expand more than B, then on applying

A,

Fig. 23 Rg.24

heat to the arrangement, since the two strips cannot be separ-

ated, they are forced into the form Al Bx , i.e., they are bent into

an arc, that metal which expands the more being on the outside

of the arc. Similarly if we have a coil of two different metals

(Fig. 24), then when heat falls on the spiral it either uncoils or

coils up according as the metal with the greater amount of

expansion is on the inside or the outside of the strip. In this

way a pointer P attached to the spiral may be made to move
over a graduated scale, and so record the temperature.
The arrangement of the instrument is shown in Fig. 25. The

spiral A is placed at the focus of the large concave mirror BC,
the adjustment being made by means of the adjustment screw

E. The pyrometer is attached to the furnace whose temperature
is required at KK. Heat rays fall on the mirror BC, and are

reflected to the spiral at its focus A. Any rays which do not

quite reach A are caught by a small concave mirror H, and are

reflected back to the spiral. The pointer G is of aluminium, and
moves under a graduated scale on the window F. D is an eye-

piece for focussing the instrument on to the radiating body,
which is rendered visible by means of a small mirror (not shown)
near the front of the spiral. The dimensions of the spiral are of

the order J in. diameter, and / in. wide, and the usual range of

the instrument is from 500 C. to 1100 C., at which point its error



MEASUREMENT OF TEMPERATURE 19

is from one to two per cent. The instrument is graduated by

comparison with a platinum resistance thermometer. (See
Art. 22.)

19. Fixed-Temperature Devices for High Temperatures. The

best of these are what are known commercially as
"
Seger Cones/'

used extensively in the manufacturing world for furnaces. These

cones are small pastilles of varying composition, and each has a

definitely known melting-point. Accuracy of working not being

essential,, the cones are arranged in a series such that each melts

K

FIG. 25. Fery's Spiral Pyrometer.

at a temperature 30 or 20 higher than the preceding one of the

series. Their temperatures range from about 600 C. to 1800 C.,
and to test a furnace, three successive members of the series

are introduced, such that the first promptly melts, the second

just softens, whilst the third remains solid. In this way a suffi-

cient and ready estimate of the temperature of the furnace is

obtainable.

20. The Applications of Electricity to Thermometry. The
electrical properties of certain bodies are greatly influenced by
temperature changes, and as this influence extends over a very
wide range of temperature, we have another source of thermo-
metric measurement which has deservedly found great favour
of late years.

It is not necessary for the student to know very much about
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electricity to understand the working of electrical thermometers.

Every one knows that the most usual method of generating a

current of electricity is by means of a battery or cell, of which

there are a large variety of types on the market. Projecting
from the cell are two "

terminals
"
or screws, and when these are

connected by means of a wire, a current of electricity flows round

from one terminal along the wire to the other. We speak of this

as a closed circuit, and if for any reason the circuit is
"
broken,"

i.e., if the wire is cut, or if it is joined to one terminal only, no
current will pass ; only when the circuit is complete can a

current of electricity be produced. Some substances will not

allow a current to flow along them, and these are therefore never

used for wires they are suitable as protectors from electricity,
and we call them "

insulators." All substances offer some resist-

ance to the flow of electricity, and the amount of this naturally
affects the strength of the current. Metals and their alloys
have comparatively small electrical resistance, and we say they
are good conductors

; connecting wires, or leads, as they are

called, are therefore made of metals and their alloys. The resist-

ance of substances which act as insulators is practically infinite.

It is very convenient for many purposes to look upon the passage
of electricity through a circuit as analogous to the flow of water

along a pipe. Corresponding to the battery we have the pump.
The pump has to exert a driving force to cause the flow of water,
and so we speak of an electromotiveforce which drives the current

along the wires. Actually there can be no physical force acting,
since no motion or tendency to motion is present, as would then
be the case

; electricity is not a tangible substance, and we use

the term electromotive force purely for convenience. It is some-
times otherwise expressed by saying that there exists a difference

of potential between the two terminals of the battery. We usu-

ally measure current strengths in what are called amperes, and
E.M.F. (electromotive force) in volts.^e mstruments which measure the

current are called galvanometers and
t* ammeters, whilst a voltmeter tells us the

voltage or E.M.F.
. These are merely made to form part

Fig.2r6 of the circuit, and a pointer or indicator

moving over a graduated scale at once tells us the current

strength or the voltage. For convenience in diagrams, the
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various electrical parts are usually represented by symbols.

Thus, in the circuit shown in Fig. 26, B is the battery, G the

galvanometer or ammeter (usually marked A for the latter), and
V the voltmeter. The lines represent the leads.

21. The Wheatstone Bridge. If we have a battery circuit

such that at B (Fig. 27) instead of one wire, we get two branches

BAC, BDC, meeting at C, then when
the current reaches B, it has two
alternative paths, and it accordingly

splits up into two currents which
reunite at C and return to the

battery. If we so adjust the por-
tions of wire BA, AC, BD, and DC
that there exists no potential differ-

ence between A and D, then we
could safely join up A and D with

another wire without having a cur-

rent pass along it, since only when
there exists a potential difference

at its two extremit can a current

pass along a wire. Hence if we place
a galvanometer G in the length AD, it would indicate no current.

When such a condition is obtained, it can be shown that if

P, Q, R, and S are respectively the values of the resistances of

the wires BA, AC, BD, and DC, the following simple relation

exists between them :

P R

Principle of

Bridge, for PJalinum
Resistance Thermometer

Kg. 27

This is known as the principle of the Wheatstone Bridge, and it

is very useful indeed, because by its means we can always
measure the resistance S of anything if we know P, Q, and R.

The relation is only true, however, when there is no potential
difference between A and D, i.e., when the galvanometer G
shows no deflection. P, Q, and R are adjustable resistances

that is to say, while in general a current will pass from A to D
through the galvanometer, by suitably altering and varying
the resistance, we arrange to reduce the current through G to

zero. When this is done we can at once apply the relation

*=*to findS.
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Compensating

22. The Platinum Resistance Thermometer. The principle

of the Wheatstone Bridge is used in what is known as the

platinum resistance thermometer. This is an extremely accurate

instrument which makes use of an important influence which

heat has upon the metal platinum.
Platinum is a substance whose re-

sistance to electricity alters with

change in temperature, and as the

Wheatstone Bridge enables us to

detect very small changes in re-

sistance, the corresponding small

i changes in temperature may be

\ found. Fig. 28 shows the arrange-

Mica ment of such a thermometer. A
Discs short length of platinum wire is

wound round a notched mica strip

AB, the two ends emerging at A.

They are joined on to two thick

copper wires, which pass up to the

N two terminals CD at the head of the

Porcelain instrument,
"
guided

"
on their

way by two mica discs. Two other

copper leads identical with those

connected to the platinum also pass

through the mica discs to the

terminals EF. These latter are

brought to the
" arm "

of the

Wheatstone Bridge opposing that
FIG. 28. Platinum Resistance to which the other pair is con-

nected, and act as
"
compensating

leads," i.e., they nullify the effect of the copper wires connected

with the platinum strip, and so remove what would otherwise

mean a source of error. The whole is encased in a porcelain
tube. The dimensions vary according to requirements.
The relation between the resistance R^ and the temperature /

has been found to be of the form

Tube'

Pt Wire wound
round Mica Frame

a being equal to .00366, and ft a quantity of the second

order of smallness. For ordinary purposes, /3 may be neglected,
in which case the instrument is standardised if the resistance

is measured at two known temperatures, since we then have
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only the constants R and a to be determined. For this purpose
the temperatures o C. and 100 C. are generally used. For

more accurate work, however, ft must be taken into account,
and a third reading therefore becomes necessary. This is

usually taken at 273 C., at which temperature the resistance

of a pure metal is known to be zero. In this manner the

constants of the instrument are determined, and applied for

the measurement of all other temperatures.
The platinum resistance thermometer is very accurate over

a wide range of temperatures, both high and low, giving reliable

readings well above 1000 C. It suffers from no zero errors,

as is the case with liquid thermometers, and as the
"
leads

"
may

be as long or as short as we wish, the temperatures of furnaces

may be comfortably and quickly determined at a distance.

23. Thermo-couple Thermometers. We now pass to another

and very different application of electricity to thermometry
the principle of the thermo-couple.

Suppose we have a closed circuit (Fig. 29) consisting of two

wires, one of iron and the other say of copper, but having no

battery for the generation of electricity. Let us, however, place
a galvanometer G in the circuit. Let A and B be the junctions
of the two metals. Suppose we p&
heat one junction so that the ^^ "

^****^
temperature at A is greater than S** v ^^B
the temperature of B. We find

jJofs. r -^ ./Cold
the galvanometer registersa

'

'kick,'
' ^NO~U @r

i.e., the difference in temperature at
p yg

thejunctions has induced an E.M.F.
between A and B, and a current passes although there is no

battery. The amount of current passing varies with the difference

in temperature at the two junctions, and as we can measure the

current by means of the galvanometer, we at once have a means

of ascertaining the temperature.
This is the principle employed in the thermo-couple ther-

mometer illustrated in Fig. 30. The two wires, say iron and

nickel, or bismuth and antimony, or platinum and platino-

iridium, are contained in a porcelain tube. They are welded at

the bottom, and come to two terminals at the head AB. These

are connected with a delicate measuring instrument, by reference

to which the temperature may be found. They are reliable

up to 1500 C., and are very sensitive.
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Porcelan

Tube

24. Fery's Electrical Pyrometer. This is an electrical modi-
fication of the instrument described in Art. 18. Instead
of the spiral (Fig. 25) we have a blackened silver disc into

the edge of which are soldered two wires of different

metals, say iron and nickel. These are

connected to the two terminals of a

sensitive galvanometer. The blackening
of the silver disc, as will be seen in

Chapter XIV., increases the sensitive-

ness of the instrument. The heat rays
are focussed on to the silver disc from
the large mirror, and a thermo-current

is generated proportional to the differ-

ence in temperature between the two

junctions.

25. Wanner's Optical Pyrometer. We
shall see in Chapter XIV. (Art. 245)
that the heat radiated from a furnace

has a definite and measurable amount
of energy, and the amount of energy
will obviously depend upon the tem-

perature. The exact relation will be
discussed later, but the student will

understand that, assuming this relation,
if we can measure this energy, the

corresponding temperature can be ascer-

tained from the formula. This is the

principle used in Wanner's Optical

Pyrometer. The furnace F (Fig. 31)
whose temperature is required is viewed

through a small hole H by means of a

telescope T. The object glass focusses

the rays to a point A which there-

fore appears very bright, its brightness
Couple Thermometer, being that of the furnace. A small

electric lamp containing a carbon filament is arranged next

to A, and by varying the current we are able to vary the

brightness of the filament. This is therefore adjusted until

the brightness of the lamp appears identical with that of the

point A. We then know that the energy of the current equals
that of the furnace rays. This energy can very simply be

\Vfelded Junction

of two different

metals or alloys
FIG. 30. Thermo-
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calculated in terms of the strength of current and the voltage
and the area of filament surface, and hence the corresponding

temperature of the furnace is obtained.

F
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The internal diameters of their bulbs (which are spherical) are
8 mms. and 6 mms. respectively, whilst their tubes are 3 mms. and
2 mms. internal diameters respectively. Compare the lengths of

their degree graduations.
11. Describe some form of self-registering thermometer, and

explain its action.

12. What do you understand by the zero error of a liquid-in-glass
thermometer? Explain its cause and remedy, and show how it

gives rise to the necessity for an analytical definition of temperature
in terms of the behaviour of the thermometer.

13. Give an account of the Fery radiation pyrometer. [C. Tripos.]
14. Discuss the various methods which are available for the

accurate measurement of very high temperatures. [C. Tripos II.]

15. What principles other than that of thermal expansion are
used in thermometry ?

1 6. What is a platinum resistance thermometer? Explain its

construction and state how it is standardised.

17. Give an example of the use of the thermal expansion of solids

in high-temperature thermometry.
1 8. Describe one practical method of optical or radiation

pyrometry, and explain the theory upon which it is based.

[L. B.Sc. Rons.]
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CHAPTER II

THE EXPANSION OF SOLIDS

26. WE shall now consider in detail the influence of heat upon
the linear dimensions of bodies, and in this chapter we shall

confine ourselves to solids, leaving liquids and gases for sub-

sequent study.
Heat affects the linear dimensions of crystalline bodies very

differently from those of non-crystalline substances, and we
shall therefore deal with these separately. For convenience,
we commence with the latter group.

27. The Expansion of Non-Crystalline Solids. Roy and Rams-
den's Apparatus. One of the earliest and best of the accurate

methods devised for the measurement of the expansion of metal
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side of it, are two reference bars ab and ef supported in ice-

baths A and C. These are therefore at a constant temperature
of o C.

At the ends of the bar C are small telescopes e and/ fitted with

cross-wires and capable of horizontal adjustment. The other

bars carry small vertical pillars surmounted by small rings

having vertical fibres drawn across them (see Fig. 320). A
micrometer screw M is fitted to the middle trough as shown,
and is able to

"
grip

"
the extremity of the bar under test.

Trough B is first filled with ice shavings at o, and the telescope
at e is adjusted so as to bring all the vertical fibres a, c, and e

into line. The telescope /is now similarly adjusted, the reading
of the micrometer screw M carefully noted, and the distance ab

measured. Oil is now substituted for the ice in trough B, and
is heated to t C. The bar of course expands, and the fibres c and
d are no longer in line with ae and bf. Accordingly, the micro-

meter M is screwed back, and the bar in B is shifted to the

right on to M, probably now bringing c to the right of the line

ae. By gently screwing M forward again, however, the fibres

a, c, and e are once more brought into line. This now brings the

fibre d out of line by an amount equal to the expansion of the

bar, and by again reading the micrometer screw and subtracting
the previous reading, this expansion is accurately determined

in terms of the pitch of the screw. By altering the temperature
t C. of the bath B, the expansion at any required temperature
can be obtained. The method as above described is in one or

two details an improvement upon that originally used by Roy
and Ramsden, but the principle is exactly the same.

28. Weedon's Apparatus. Another form of apparatus in

which the micrometer screw is used successfully is due to Weedon.
The bar BB (Fig. 33) to be tested is exactly 100 cms. long at

o C. It is placed in a long zinc trough AA containing oil or

water, and is held on supports between a fixed stop P at one end
and a delicate micrometer screw MQ at the other end. The

temperatures are read by thermometers TT attached to the

rod. The heat is supplied by a bar burner CC having a double

row of gas jets along its length, the gas being supplied through
inlets at the ends. To prevent errors due to the heat radiated

from the trough and burner, a cold-water bath DD, into which
the supports of the upper bath are fixed, maintains a constant

circulation of cold water, whilst an asbestos screen E affords
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the necessary protection to the micrometer screw-head M. The

experiment is carried out as follows : The liquid in the trough
is first heated to a temperature of about 90 C., the micrometer-

head M having been screwed back to allow for the necessary

expansion, which must take place entirely to the right, the stop
P being fixed. The gas is now withdrawn,, and the bar begins to

cool. We carefully note the temperature, and screw up M until

Q just grips the bar, when we note the micrometer reading.
The bar is then allowed to cool to, say, 80 C., when a further

Asbestos partition jr

to protect
Micrometer head

\
Cold water
Outlet

FIG. 33. Weedon's Apparatus for Expansion of Metal Rods.

reading of the micrometer is taken. Observations are thus made
at intervals of, say, 10 C., the resulting contractions being the

differences in successive micrometer readings.
This is a very accurate method, and gives good results.

29. The Comparator Method. This is the method used at

the International Bureau of Weights and Measures. It is shown

diagrammatically in Fig. 34. The rod AB to be tested is enclosed

in a long cylindrical vessel CC of two or three centimetres

diameter, and this in its turn is enclosed in a tank EE containing
oil or water, a double row of bunsen burners supplying the

necessary heat. The rod AB and the vessel CC are each sup-

ported on two or three feet. To enable the rod to be introduced

or removed from CC, the end FF can be removed at will, the

joint being watertight.
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On the bar near its ends are two fine marks, and these are

viewed by means of microscopes MM through two vertical tubes

DD leading from CC, and closed by sheets of glass. The micro-

scopes are fitted with cross-wires which are capable of delicate

adjustment by means of micrometer screws (not shown) and

are mounted on a large slab of stone whose temperature on

account of its great mass is practically constant. The liquid

is kept well stirred throughout the experiment, and accurate

thermometers are used for recording the temperatures.
In the experiment, the tank EE is first filled with ice

;
the

Window for viewing mark
on bar

AB:-Rod
under test

Row of burners-^

FIG. 34. Comparator Method for Finding Expansion of Bar.

cross-wires are adjusted to the rod-marks, and the micrometer

screws are read. The temperature is now raised ten degrees, the

adjustments are again made, and a new reading taken, and so on.

Observations are also taken in cooling from high temperatures to

lower, the differences in the readings giving the corresponding

expansions in terms of the pitch of the micrometer screws.

These have to be reduced by means of a standard scale placed
on the bar, thus enabling the number of micrometer divisions

corresponding to one millimetre to be determined.

30. Tube Method. A simple laboratory method suitable for

measuring the expansion of tubes is shown in Fig. 35. The
hollow metal tube AA is securely clamped at a to a firm metal

base BB. At the other extremity is a fine mark b, and this is
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observed by means of a microscope M fitted with a graduated
eye-piece, and mounted on a stand DD. A protecting jacket
of felt CC surrounds the tube, and prevents losses due to radia-

tion, etc. Ice-cold water of known temperature is first passed

through the tube, and the position of the mark b is read on the

eye-piece scale. Steam is then passed through, and the tube

Eye -piece with -*

graduated scale

Protecting jacket of felt

Hollow hfetd Tube unde
c

Fixed mark for clamp
Stand for Microscope Outlet for

Water r Steam

B B
FIG. 35. Apparatus for Expansion of Hollow Tube.

expands to the right, the end a being rigidly fixed. A new eye-

piece reading is noted, and the difference gives the expansion

produced.

31. Photographic Method. The following ingenious but

exceedingly simple photographic method has recently been

devised by the Rev. E. S. Phillips. A long hollow metal tube B
(Fig. 36) is attached to a baseboard A which can conveniently
be fixed to a wall. A fixed stop C holds one end of the tube

firmly, so that all expansion will take place towards the other

end. Surrounding the whole length of the tube is a jacket D
with inlet and outlet pipes E. Clipped on to the tube just beyond
the extremity of the jacket is a screen F on which is ruled a

millimetre scale H (see enlarged drawing of screen, Fig. 360).
It is perforated by a small hole I. In front of this screen is a

long camera-box (about four feet) with a short-focus lens.

The procedure of the experiment is as follows :

1. The screen F is first illuminated in front and photographed.
2. Cold water at known temperature is now run through both

tube and jacket. A light is put behind the screen, and the light

through the hole is photographed on the same plate as before.

3. Lastly, steam is sent through the tubes, and another photo
of the hole is taken on the same plate. The result on developing



3 2 A STUDENT'S HEAT

the plate is an enlarged view of the scale, and two positions of

the hole (Fig. 36^). The photograph gives exactly the magni-
fication of the camera and the amount of expansion due to the

FIG. 36.

F B

Plate

01
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circular piece of glass whose top surface is quite flat, but whose
under surface is very slightly curved.

If now we allow a homogeneous source of light S, i.e., a source

of light emitting only one wave length (a mercury or cadmium

light is usually used), to fall on the top surface of the plate after

the rays have been rendered parallel by the lens L, some of the

light will be reflected back from the under surface at PO to the

air above, and some will be refracted through to the nickel plate
at Q. This being a bright surface, the ray PQ will be reflected

back along QO through G into the air above.

Thus if we consider one of a bundle of parallel rays, we shall

have two coincident rays OR, one of which has been reflected

at from NO to OR, and the other of which has previously
travelled the distance PQO. This latter ray will arrive with an
oscillation lagging behind the former, as, for example, by half a

period, i.e., when the vibration is up for the one, it will then be

down for the other, and they will neutralise each other, producing
total interference, and to the observer looking at will appear
as a black line. This retardation obviously depends upon the

difference in the distance travelled, i.e., upon the distance PQO,
and this of course depends upon the distance between the nickel

base-plate and the lower surface of the glass, i.e., upon the

thickness of the quartz ring.
The argument would apply equally well if the light were

normal to the surface. In this case the rays in question would
all be vertical, and the occurrence of total interference would
then depend upon the distance 2t, where t is the distance be-

tween' the two plates. If A is the wave length of the light used,
then for total interference the condition required is that

A

2 4
thus making one ray exactly a half-wave length behind the

other. On the other hand, if t is such that

2/= (2w+ i)A, i.e., / = A+

the waves will reinforce each other, and instead of a black line

at we shall see a bright line. Now a wave length is of such a

small order of magnitude that a very slight change in the thick-

ness of the quartz ring will produce the necessary change from

interference to reinforcement, and a further change from rein-

forcement to interference and so on.
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This is brought about by raising the temperature of the

quartz,and as this goes on we count the number ofchangesfrom light

to dark and dark to light ; each such change represents an expan-
sion equal to a quarter of a wave length, and as we know the

exact value of A., the expansion is thus accurately determined.

Having determined the expansion for quartz, we use this

value for the measurement of the expansion of any other solid.

A small cube of the material is made, of edge i cm. to 2 cms.,
and is placed inside the quartz ring (see Fig. 38^). Its top
surface is polished or silvered so as to be able to reflect light.

The same experiment is now carried out, giving the change
with temperature of the distance AB.

This is due (i) to the increase in height of the quartz ring,

(2) cube.

The first of these we have already determined, and by sub-

tracting the result of the second experiment we obtain the

expansion of the cube of material. The arrangement of the

apparatus is shown in Fig. 39. The ring is heated in a furnace,
and observed via the prism AB by means of a telescope T.

The great advantage of the method is that only a small piece of

the material is required, and the range of temperatures for which

the experiment can be carried out is from 150 C. to 1000 C.

33. Results for Linear Expansion. As a result of the various

methods described for the measurement of the linear expansion
of solid bodies, it is found that for any one substance, the in-

crease in length per degree rise in temperature for i cm. is always
the same. This quantity is spoken of as the coefficient of linear

expansion, and it differs in value for different substances. On
the Centigrade scale, the following may be taken as fairly reliable

values for a, as we usually denote this coefficient :

Aluminium . .000023 Iron . . . .0000122

Brass . . .0000188 Lead . . . .000029

Copper . . .0000172 Oak . . . .00005
Gold . . .0000144 Platinum . . .0000089
Glass . . .0000085 Silver. . . .000019
Invar (Nickel Steel . . . .000012

Steel) . . .00000087 Zinc . . . .000029

34. Formula for Expansion. If a is the expansion per unit

length for one degree rise in temperature, then at f C. the length
will be (i +at) cms. Hence, if / denote the length of a bar at

o C. we have
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where l
t
is the length at f C.

As a matter of fact, this does not completely represent the

facts of linear expansion. Exact investigations show that the

more correct relation between l
t
and Z is expressed by

a, b, and c being constants such that for pure metals-

a is a magnitude of the order i x io~ 5

b itosxio-
11

and c ,, perhaps x io~ 14
.

We see, then, that there are really three distinct coefficients

associated with the linear expansion of a substance. This,

however, is very cumbersome, and the expression is usually
written I

t
=l

(
i +a f), where a

t
= at+bt*+cfi in the original expres-

sion. The quantity a
t
therefore expresses the expansion for /

increase in temperature above o C.

For ordinary purposes, however, the approximate form

/j=/ (i+a/) is sufficient. Only when the range of tempera-
ture is very wide need the more exact formula be used.

35. Expansion between any Two Temperatures. The expres-
sion I

t
=l (i+at) gives the relationship between lengths at o C.

and any other temperature. It is not always convenient,

however, to reduce the temperature of a substance to o C.,

and it is desirable therefore to find some relation between

lengths at any two temperatures, say f C. and /
x C. This is

readily found as follows :

At f C. we have l
t
=/ (i +at)

Also, at tf C. we have It, =lQ(i 4-a/j)

Dividing, we get J=ig (i)

which gives the desired result.

By carrying out the process of division on the right-hand side

of the equation, and neglecting terms in a2 and higher powers
of a, we find

/,-/,,{
I
+<</-*,)} (2)

Equation (2) is a much more convenient one to use, since it

saves a cumbersome division, and provided that (* /x)
is not

unduly large, is sufficiently accurate.

The following example will make this evident:
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A bar of steel is 45 cms. long at 20 C. Find its length at

90 C . a for steel = .oooo 1 2 .

Using equation (i), we have
l
t _i+.ooooi2 x 90_ i.00108

45
~~

i + .00001 2 x 20 "1.00024
whence l

t =45.037 7909 cms.

Using equation (2), we have
/90 =45[i+.000012(90 20)]

=45.037800 cms.

36. Superficial Expansion. We pass now to the consideration

of the expansion of surfaces. Consider a rectangular plate

(Fig. 40) whose sides at o C.

are / and /' respectively.

Imagine it to be divided up
into a very large number of

horizontal strips, as at (a),

and that the temperature is

then raised to f C.

Then each strip expands by
an amount given by

(i)

(a)

h-- <. 7 H
FIG. 40. Diagram for Coefficient

of Superficial Expansion.

where a is the coefficient of linear expansion of the material of

the plate.
In the same way we may suppose the plate to be divided up

into a large number of vertical strips, as at (b), in which case

at f C. we should have
l'

t
=ro(i+at). (ii)

Multiplying equations (i)
and (ii) together, we get

=// (i+2o/+a
2
/
2
).

Now l
t
l'

t
is the area of the plate at f C., and we may write

it A
t) and IJ,' Q is the area at o C.

;
A .

Hence we have A^=A (i +ctf+a
2
^
2
).

Compared with a, a2 may be neglected, e.g., for steel,

a=.000012, and a2= .000000000144, so that the term a2/2 does

not affect the result to the ninth decimal place at least,

i.e., we may write A
t
=AQ(i +2at),

2a, therefore, is the amount by which i sq. cm. of a substance

increases in area for a rise in temperature of i C., and is spoken
of as the coefficient of superficial expansion. We usually denote

this by ft, where /?= 20.
; i.e., the coefficient of superficial expansion
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of a substance is twice the coefficient of linear expansion. This

is a very important relationship.
As with linear expansion, we deduce from A

t
=A (i+(3t) the

relation between areas at any two temperatures t and t
lf giving

A, i +#= <* approximately,

37- Cubical Expansion. The argument of the previous

paragraph may be extended to the case of the expansion of

volumes. Consider a rectangular solid whose sides at o C. are /
,

l' Q ,
and r o respectively (Fig. 41). We

may suppose it to be cut by horizontal

sections into an infinite number of

rectangular laminae, and these by
vertical sections will become an infi-

nite number of linear strips, and so

we may use the results of linear ex-

pansion. On heating to f C., we have
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Mass m , m
Density =,7-^- . Hence QQ

= and g t
=

} Volume VQ v
t

m m

It follows that for any two temperatures, f C. and if C.,

i

As an approximation, (i) may be simplified by dividing

(i+yt) into i, and neglecting second and higher powers of y;
this gives us

e=e</i-y*) (i)
and as an approximation to (ii),

but as before it should be remembered that errors are introduced

if (/ /j) is large.

39. The Expansion of Hollow Bodies. Consider any hollow

body (Fig. 42). Let it be cut up into a number of parallel slices,

each of whose thickness at o C. is / . On raising the temperature
to f C., the thickness, which is independent
of the hollow itself, becomes l

t
such that

This will be true for all slices, the expan-
sion being perpendicular to the plane of

section, and will remain true whatever the c

direction of the section. It is therefore true

for all directions. Hence we see that the

expansion of a hollow bodyfollows the ordinary
laws of expansion for solid bodies.J r

. . ,
J

. , c , , FIG. 42. DiagramTo consider the increase in volume of the
for Expansion of

cavity, imagine it to be filled with the sub- Hollow Body.
stance of the surrounding solid. Then the

increase will be the same as the increase of the solid, i.e.,

volume
t
=volume (i+y/).

40. The Expansion of Crystalline Solids. The study of the

expansion of crystalline solids is complicated owing to the fact

that such bodies have different physical properties in different
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p.

directions. Associated with every crystal are three principal

axes, and crystals are usually classified according to the geo-

7 metrical relation which exists

between the axes. In the

simpler kinds these are

mutually at right angles, but

this is only true for one of

the six groups of crystals.
We find that when a crystal

expands, the amount of ex-

pansion is different in dif-

ferent directions. This is

best considered mathema-

tically by referring the expan-
sions to the principal axes of

the crystal. When therefore

we wish to measure these ex-

pansions, ablock of the crystal

*. ^

FIG. 43. Diagram for Expansion
along Three Axes of Crystals.

is always cut with its three edges parallel to the axes, and each

face in turn is dealt with by Fizeau's Interference Method (Art. 32).

Denoting the various lengths along the axes by x,y, and z, the

results show that jc
t
=oc (i +a-lt+b-f -\-c-f) for the X axis,

yt-w+*+*/+w Y
and z

t
=ZQ(I +a zt+b./+c^) Z

As before, these are written x
t
=xQ(i +alf)

and z
t
=zQ(i +a sf),

i.e., we have associated with each crystalline substance three

temperature coefficients of expansion. If we take any point P in

the crystal (Fig. 43) when the axes are at right angles, its length

OP at o C. is given by OP= Sx 2 +y 2 +z *.

On increasing the temperature to f C., OP is displaced to OP,,
and we have

OP,= ^

For terms of the form (i+alf)
2 we may substitute

since the third term a? lt is sufficiently small to be neglected.
Hence we have

and since x
(f+yQ

2
+ZQ

2=OP =l
, say, we have the relation
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which is a much more complicated relationship than obtains in

the case of non-crystalline bodies.

Change of Area and Volume in Crystals. In general, this is a

difficult matter for calculation, but when we confine ourselves

to faces parallel to two principal axes, the problem is consider-

ably simplified.
We have A,-*^*-*^1 +alt)(i +an)

=A (i+ai f +a* t) approximately.

Changes in Volume with Temperature. Confining ourselves

to directions parallel to the axes, we have

=V (i +a lt +a 2t +a, t) approximately,

i.e., the expansion of the volume of a crystal is equal to the sum
of the linear expansions along its three principal axes.

41. The Force of Thermal Expansion. The forces involved in

thermal expansion are very great indeed, and if adequate provi-
sion is not made for the expansion consequent upon a rise in

temperature, as, for example, in the familiar case of the spaces
left between lengths of railway line, disastrous results usually
follow.

We can best realise the extent of this force of expansion by
a simple example. Suppose we have a length of steel rail the

area of whose cross-section, for simplicity of calculation, we will

suppose to be io sq. in. Assuming its lowest winter length (say
at o C.) to be 50 ft., and that the maximum summer temperature
is 30 C., let us find what force we must apply in order to prevent

expansion from taking place. This will of course give us an idea

of the force of thermal expansion. We use Hooke's Law,

Stress = young's Modulus E,;

Strain

Alteration in length
where Stain-

Original [ength
For alteration in length, take a for steel = .00001 2.

.-. Expansion from o C. to 30 .
= 50 X3 x .000012
= .018 ft.

/. Strain= : = .00036.

Taking E for steel = 13,500 tons per sq. in., we get
Stress = .00036 x 13,500 tons per sq. in.

=*4.86 tons per sq. in.
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And as there are 10 sq. in. of cross-section, we have finally the

total force of expansion equal to 48.6 tons weight.

42. The Practical Applications of Thermal Expansion. The

previous paragraph shows clearly that we cannot afford to

FIG. 44. Telescopic
Arrangement for

Expansion of Bridge
Parts.

FIG. 45. Provision for Expansion
of Bridgework.

neglect the influence of expansion upon structures. Accordingly

provision is made,, by the use of various devices, for the free

expansion of such structures either at their extremities or at the

junctions of their
parts.

Thus Fig. 44 shows the telescopic device

used at the junction of two bridge parts, the inner piece being

B

D

FIG. 46. To show

principle of the

Compensated
Pendulum.

FIG. 47. Harrison's
Gridiron Pendulum.

FIG. 48. Graham's
Mercurial Pendulum.

free to roll on a pin. In Fig. 45 we see the same idea applied to

one end of a bridge. The tremendous forces involved in the

contraction of hot bodies have been made use of in the manu-
facture of big guns, one part being shrunk on to another. The
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same method is employed in the shrinking of metal tyres on to

cartwheels. Boiler-plates are firmly riveted together by the

contraction of red-hot rivets which are hammered up tight.
Pendulum-clocks are seriously affected by temperature unless

the necessary precautions are taken. The correct

working of the pendulum depends upon the

constancy of the distance of its centre of

gravity from the point of suspension. On a
rise in temperature, this point would of course

move down. To counteract this, pendulums are
"
compensated

"
by being made of two metals. FIG. 49. Com-

The principle of the compensated pendulum is as pensated Bal-

follows: Let AB and CD (Fig. 46) be two bars of ance-Wheel.

lengths / and l
l}
and of different expansion coefficients a and /?.

For a rise in temperature of f C., ifA is afixed point,

AB expands downwards a distance =lat,
and CD upwards =ljlt.

For these to neutralise each other, we must have

i.e., their lengths must be inversely as their coefficients of expansion.
In Harrison's Gridiron Pendulum (Fig. 47) this condition is

satisfied by having in all five rods, the middle and outer two

being of iron, and the remaining two of zinc.

Fig. 48 shows another form of pendulum due to Graham, in

which the expansion downwards of a steel rod is counterbalanced

by the expansion upwards of mercury. In the compensated

vP

FIG. 50. Thermometric Fire

Alarm.
FIG. 51. Arrangement for

Fire Alarm.

balance-wheel (Fig. 49) the radius is automatically adjusted by
making the rim of two metals, usually brass on the outside and
steel inside, the principle being that described in Fery's pyro-
meter. This, with the use of weights, automatically adjusts both
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the size and the elasticity of the wheel, and so preserves the

rate of the watch.

In Fig. 50 is shown a simple fire-alarm device. In buildings
where it is dangerous for a certain temperature to be exceeded,
a thermometer is arranged with two platinum wires fused through

one at the bulb, and the other at the limiting temperature-

reading. Mercury being a conductor of electricity, when the
"
danger

"
temperature is reached, the circuit is completed, and

a bell rings or a lamp flashes out. Another fire-alarm device is

shown in Fig. 51. A wire AB has a metallic plug D suspended
from its mid-point C. On expansion caused by a sufficiently

high (and dangerous) temperature, the wire sags, and D descends

and makes electrical contact at ef, causing a bell to ring.

EXAMPLES ON CHAPTER II

1 . Define coefficient of linear expansion.
A copper wire is 100 cms. long at o C. and 100.17 cms. at 100 C.

What is its temperature when its length is 100.04 cms. ? [C. Sp.]
2. Describe a method by which the coefficient of linear expansion

of a bar or tube of metal may be determined, and point out the

chief sources of error, and the difficulties in the method you describe.

[C. Sp.]

3. The diameter of an iron wheel is 5 ft. Find the increase in

the circumference when the temperature is raised 300 C. (The
coefficient of linear expansion for iron= .00001 22.)

4. An iron yard-measure is correct at o C.
; express in inches

its error at 100 C. (a for iron = .000011.)

5. A bar of iron is 4 5 cms. long at 20 C. Find its length at 90 C.

6. An iron tube is 1512.45 ft. long at 10 C., and 1513.0 ft. long
at 40 C. ;

find the coefficient of linear expansion of iron.

7. A pane of glass measures 24.5 cms. by 12.8 cms. at 10 C.

What is its area (a) at o C., (6) at 90 C. ? (a for glass =.0000086.)
8. Explain how it is possible to use photography for the measure-

ment of linear expansions.
9. A cylinder of iron, 20 cms. long, floats vertically in mercury,

both being at the temperature o C. If the common temperature
rises to 100 C., find by how much the cylinder will sink.

[Specific gravity of iron at o C. =7.6
Specific gravity of mercury at o C. = 13.6

Coefficient of cubical expansion of mercury= .0001 82
Coefficient of linear expansion of iron= .000011 8]

10. State how it is that a rod made from fused silica may be heated
in a flame and plunged into cold water without cracking, while a

glass rod so treated cracks.
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1 1 . Why can a thin platinum wire be sealed into a glass tube so

as to make an air-tight joint?
12. The volume of an iron ship is 10,000 cub. yds. at o C. What

is its volume at 25 C. if the coefficient of linear expansion of

iron=.oooon ? [L. Inter. Sci.]

13. State some of the industrial applications of the expansion
effect of heat on substances.

14. How would you measure the expansion of a crystal? From
the point of view of thermal expansion, in what way do crystals
differ from non-crystalline substances ?

15. A rod is found to be 100 cms. long at 50 C., and 100.1 cms.

long at 100 C. If it expands uniformly, obtain a formula giving
its exact length at any temperature, and calculate its coefficient of

cubical expansion. [L. Inter. Sci.]
1 6. A solid of linear expansibility .000015 contains a 500 c.c.

cavity in which is a 200 c.c. body of linear expansibility .00003.
How much does the volume of air space left change per degree ? [M.]

17. Explain why it is a sufficiently near approximation to take
the coefficient of volume expansion as three times the coefficient

of linear expansion. Calculate the percentage error involved in this

approximation in the case of the expansion through 100 C. of a

body whose coefficient of linear expansion is .00001234. [L. Inter.

Sci. Hons.]
1 8. Describe and explain a method of measuring the linear

expansion of solids by means of interference bands. [L. B.Sc. Pass.]

19. Two walls originally perpendicular, and 20 ft. apart, have

bulged out 1.2 in. To make them perpendicular again by con-

traction of an iron bar, find the necessary rise in temperature, if the

air is at o C. (Coefficient of linear expansion of iron= .000011.)
20. A metre is the distance between two parallel lines on a

platinum bar at o C. The yard is the distance between two

parallel lines on a brass bar at 18 C. These are compared at

18 C. One metre is found to be equal to 1.09393 yds. If the

coefficient of linear expansion for platinum is .0000086, and for

brass .000019, express the metre in terms of the yard.
21. A steel ball, 5.01 cms. diameter at zero temperature, rests on

a copper ring 5 cms. diameter. At what temperature will the ball

just go through? [a for iron= .00001 1, and for copper a= .00001 7.]

22. What is meant by the linear, superficial, and volume co-

efficients of expansion with rise in temperature, and how are they
related ?

If it takes a force of 20,000 kilos, per square inch to produce a

i% diminution of length of an iron bar, what force would you
expect it to require to prevent a bar 8 cms. long, 3 cms. wide, and
2 cms. deep from expanding lengthways when at 500 C. ? (Co-
efficient of expansion for iron .0000122.) [L. Inter. Sci.]



46 A STUDENT'S HEAT

Q 2
a
a/

CHAPTER III

THE EXPANSION OF LIQUIDS

43. The Containing Vessel. The study of the expansibility of

liquids with the application of heat, to which we now proceed,
is complicated by the presence of the containing vessel. No

liquid can be experimented upon by itself it must be placed
in a solid vessel of some kind, and on applying, say, a bunsen

flame, both vessel and liquid expand. Consequently what we
observe is not the true expansion of the liquid, but the true

expansion less the expansion of the

6 2 containing vessel. For suppose we con-
b
bf

sider the two expansions separately, as

of course we may do without prejudicing
the final result, i.e., suppose, first, that

the containing vessel expands alone to its

final volume at the higher temperature,
and that then the liquid expands to its

final volume. The result of the first

FIG. 52. expansion will be to diminish the level of

the liquid by an amount equal to this

expansion of the containing vessel, i.e., in Fig. 52, from the

original level ab to the level a^b^ the volume abalbl representing
the amount by which the vessel expands. The expansion of the

liquid itself, however (equal to the volume represented by
a-^b^aj)^, now causes its level to rise to aj) 2 . Apparently,
therefore, to the observer, the expansion has been from the

original level ab to the level a 2b2 ; i.e., the volume aba 2b 2) whilst

actually its expansion is equal to the volume a^b^a^b^. Hence we
see that the actual or absolute expansion of the liquid is equal
to the sum of its apparent expansion and the expansion of the

containing vessel. Dealing with unit volumes of liquid and

containing vessels we have therefore the relation
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where a= absolute coefficient of cubical expansion of the liquid,

/?= apparent coefficient of cubical expansion of the liquid,
and y= absolute coefficient of cubical expansion of the con-

taining vessel.

The Two Methods. The methods for determination of the

coefficient of cubical expansion of a liquid fall naturally into

the following two groups: (i) Relative methods.

(2) Absolute methods.
In the first group the determination is dependent upon a

knowledge of the expansion of the containing vessel, whilst in

the second group means are devised to render

the observations independent of the containing
vessel.

44. Relative Methods. (i) The Dilatometer.

The apparatus consists of a bulb of glass or fused

quartz of known volume at o C., leading from
which is a graduated stem (Fig. 53). The liquid
to be tested is introduced to fill the bulb and

part of the stem.

Suppose the bulb to occupy m scale volumes

up to the zero mark.
Immerse the instrument in ice-shavings, and

let the stem reading be nQ .

.'. the volume of the liquid at o C. is (m+n )

divisions.

Let a denote the coefficient of absolute ex-

pansion of the liquid.
Then at f C. the true volume will be

Let us raise the temperature of the dilato-

meter to f C. The liquid rises in the stem to

the reading n t
and the apparent volume equals (m+n t) divisions.

This is insufficient, owing to the expansion of the instrument.

Let (3 denote the coefficient of expansion of the material of the

dilatometer.

/. the true volume of the liquid at f C.=(m+n t)(i + #). (ii)

Equating statements (i) and (ii),
we get

(; + )(
i + at) =(m+ n t)(i + fit)

(m-\-n t}(i + /ft) i
winch reduces to a= - 7^ ^^

t(m+nQ) t
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All the quantities in this expression are given or observed,
and hence a may be calculated.

It should also be noticed that, assuming the coefficient of

expansion to be known for the liquid, this method enables us to

find the coefficient for the material of the dilatometer.

45. A More Exact Formula. Exact results show that,
as with solids, instead of a single coefficient as expressed by
V

<
=V (i + a/) the expression V,=V (i +at+bt

z
+cP+dP) is a

more correct statement of the behaviour of the liquid on the

application of heat, a, b, c, and d are constants,
a being of the order .001 to .0008

b .000005 to -oooooo i

C .00000000 -f

and d
,, .0000000000 +

For simplicity we may write V,=V (i + a
t), where

and therefore expresses the expansion of unit volume on a rise

in temperature of C.
;

but for ordin-

ary purposes, the approximate formula

V
t
=VQ(i + at) is sufficient, a in this case

denoting the expansion of unit volume
on a rise in temperature of i C.

46. Relative Methods. (2) The Weight
Thermometer. This apparatus is illus-

trated in Fig. 54. It consists of a cylin-
drical glass bulb about 6 cms. long, coming
from which is a capillary tube bent as

shown. It is first weighed empty, and
then filled with the liquid to be tested

by repeated heating and cooling, as in the

filling of a thermometer. The final cooling
is done with the bulb immersed in an ice-

bath, so that the instrument is filled with

liquid at o C. It is again weighed, and by
difference from the initial weighing the

mass m of the liquid at o C. is obtained.

If the density of the liquid at o C. be g ,

then the volume of the thermometer at

FIG. 54. Weight
Thermometer.

m
o C. will be . Now immerse the bulb in an oil-bath at C.

Qo
Both instrument and liquid expand, and some of the latter
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is forced out. Catch the overflow in a weighed beaker and

weigh it. By difference we get the mass m of the liquid which
has overflowed. This represent? the apparent total expansion of

the liquid from o C. to f C. It is not the real expansion, because,

owing to the expansion of the weight thermometer itself, some
of the expanded liquid, which would otherwise be forced out,
is able to remain in the bulb.

Now at o C. the volume of the overflow=^.
0o

.*. the apparent expansion of c.cs. of liquid on being heated
0o

fromoC. tof C.= l
.

Co

/. the apparent expansion of - c.cs. per degree rise in
Qo

temperature = 1
.

0o*

.*. the apparent expansion of i c.c. per degree rise in

MI
0o* mi

temperature=*-= *

m mt

Qo

This by definition is the coefficient of apparent expansion of

the liquid.
Let /3 denote the coefficient of expansion of the material of

the weight thermometer.

Then we have a= 3- -f#, where a is the required coefficient
mt

of absolute expansion of the liquid.
This experiment in a slightly modified form can also be carried

out by substituting a specific-gravity bottle for the weight
thermometer. The necessary modifications should offer no

difficulty to the student.

47. Absolute Methods. (i) Dulong and Petit's Experiment.
We pass now to the group of experiments in which the expansion
of the containing vessel jneed_not be considered. The same

principle is used throughout.
Two well-known facts of hydrostatics are employed. The

first is that if we have a column of fluid at rest of height h and
D



p

FIG. 55.

A-
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density Q, the pressure at its base, i.e., the force per unit area

of base,, is equal to hgo+v, where TT is the atmospheric pressure,
and g the gravity constant. If we neglect TT, the pressure is hgQ.
The second fact is that at any two points in the same horizontal

level of a fluid at rest the pressure is the same, i.e., in Fig. 56
the pressure at A is equal to the pressure at B. The simplest of

the absolute methods was due to Dulong and Petit. It is illus-

trated in Fig. 57. The essential parts are a U-tube in which the
two wide vertical limbs CA and DB are joined by a narrow
horizontal tube AB. Each is surrounded by a jacket, that round
AC containing ice-shavings at o C., and that round BD con-

taining oil or water at f C. (steam is often used). A long-bulb
thermometer is immersed in the latter jacket. The liquid

experimented upon, usually mercury, is placed in the U-tube, and
since the right-hand side is at a higher temperature, its density

diminishes, and it will expand to a height greater than that of

the mercury column in the left-hand side.

Let /z =the height of the left-hand column above the base A.
h

t
=

>> rignt B.

go
= tiie density of mercury at o C.

and et
= fC.

Also, let a= the coefficient of cubical expansion of mercury.
Now if A and B are at the same horizontal level, we have

But et=s
-|e__(See

Art. 38.)

Substituting, we get hoQo=
I + at

whence h +h at=h
t

giving a=-^y-
It will be seen that the expansion of the containing vessel

does not enter into the argument.
The observations are very simple, consisting in a measurement

of the two heights and the temperature of the hot limb. The

experiment, however, does not come up to modern requirements.
The hot limb is not necessarily of a uniform temperature, the

upper ends of the mercury columns are exposed to atmospheric
temperature changes, and the columns are widely separated,

making a comparison of heights difficult. Dulong and Petit
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measured the heights by means of a telescope, but a small tilt

in the telescope could lead to serious errors.

48. (2) Regnault's First Modification of Dulong and Petit's

Method. The problem was successfully attacked by Regnault,
who developed two different modifications of Dulong and Petit's

method. In the first of these, illustrated diagrammatically in

Fig. 58, two vertical tubes AB and CD are connected by a

f

F G
FIG. 58. Regnault's First Apparatus for Expansion

of Liquids.

horizontal tube AC, having a small hole at E. Being open to

the atmosphere, the pressure at the level AC is therefore atmo-

spheric. From B and D the tubes are bent at right angles as

shown, forming an inverted U-tube FHG, and leading from this

is the tube HK which is connected to a pump.
Mercury is introduced as shown, and two jackets surround

the vertical limbs ;
the right-hand jacket has a cold-water

circulation and the left-hand jacket is in its turn surrounded by
a furnace (not shown) by means of which any desired tempera-
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ture may be obtained. The temperature is read by means of

a long-bulb air thermometer T. The vertical columns LF and

MG are maintained at the same temperature as the column CD
by being jacketed with a vessel (not shown) connected with

the water jacket surrounding CD.

On pressure being applied at the pump through KH, the levels

LF and MG attain different values owing to the different

densities on the two sides.

The mathematical argument involved is as follows :

Let the temperature of CD be f C. and of AB t C.

density of the mercury in CD be Q t
and in AB Q^.

height of the column CD be R
t
and of AB H^.

LF be h and of MG h.

These latter are at the temperature f C.
}
and therefore of

density g t
. Now since A and C are on the same horizontal level

and both have access to atmosphere at E, we have pressure at

A=pressure at C.

Also, pressures on L and M are equal and due to the pump.
/. pressure at L pressure at A=pressure at M pressure at C.

Now since in the experiment the temperature t of the right-

hand limb is maintained at as nearly zero as possible, at is

extremely small, and may be neglected.

all the quantities of which are measurable.

49. (3) Regnault's Second Modification of Dulong and Petit 's

Experiment. Fig. 59 shows another variation of Dulong and
Petit's experiment, also due to Regnault, and more closely

resembling the original form than that which we have just
described. In this method, iron tubes were used, mercury having
no action on iron. The upper horizontal pieces AE, CF were
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kept rigidly in one straight line, the expansion downwards being
allowed for by the use of a flexible coupling at G. The left-hand

limb AB was surrounded by an ice-jacket, and the right-hand
limb by an oil-jacket which could be maintained at f C. The
vertical pieces HE, KF were enclosed in a water-bath at if C.,

HK Water

Long 6uL6
thermometer

Oil
at tC

FIG. 59. Regnault's Apparatus for Expansion of

Mercury.

and this was connected with another surrounding the coupling

G, also at /j C.

Let AB=H
,
CD =H

f,
and let the vertical distance between

K and H be h
tl

.

Then, using the usual notation for densities, we have, neglect-

ing the height HE common to both sides, H g + pressure-
difference between levels of the two horizontal tubes at G =

>
since the pressures on each side at G are equal.
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.e.,

. TT . ,/TT
. . H o + H,-

FIG. 60. Callendar's Apparatus for Coefficient

of Expansion of Mercury.
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All quantities other than a are observed in the experiment,
and a is thus calculated.

50. (4) Calendar's Apparatus. No account of this important
determination of the coefficient of expansion of mercury by
absolute methods would be complete without some reference to

the excellent modification

in Regnault's methods re-

cently introduced by Profes-

sor Callendar. The vertical

limbs AB and A'B' are sur-

rounded by jackets shaped
as shown, EE and FF (Fig.

60). A collar M of ice sur-

rounds part of the right-
hand jacket, and the water

012343 6 7 8 y jo

Temp
FIG. 61. Curve showing behaviour
of Water between o C. and 4 C.

at o C. is circulated round

the limb by means of a cen-

trifugal pump, the tempera-
ture being indicated by

means of a platinum resistance thermometer P. The left-hand

jacket, containing oil, is heated to any desired temperature f by
means of a coil Q forming part of an electrical circuit. The oil is

circulated, and its temperature read in the same way as in the

case of the other jacket. The exposed lengths CD and C'D'

are maintained at o by a suitable jacket.
The calculation involved is simple, and is left to the student

as an exercise.

51. Expansion Coefficients for Liquids. Liquids expand much
more than solids, the following being a few typical values :

Alcohol . . 0.00105 Olive Oil . . 0.00074
Benzene . . 0.00124 Petroleum . . o.ooio

Glycerine . . 0.00052 Turpentine . . 0.00105

Mercury . . 0.000182 Water above 10 C. 0.00043

The absolute method has only been applied to mercury, and
more recently by the German Physical Laboratory to water.

Using the values obtained for these liquids, the dilatometer

method is applied to other liquids.

52. Behaviour of Water between o and 4 C. Water is a

remarkable exception to the general rule of expansion on heating.
When water at o C. is heated, instead of the expansion we should
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expect, we find a contraction takes place, and this continues

until a temperature of 4 C. is reached, when the liquid attains

its maximum density. Further heating now produces expansion.
The behaviour is clearly shown by the graph (Fig. 61).

The following are exact values obtained in 1900 by the German

Physical Laboratory for the volume of unit weight of water :

Temperature. Volume of Unit Weight.

o C. 1.0001324

4 C. I .OOOOO

8 C. 1.0001241

whilst the following table shows the behaviour of water sub-

sequent to 8 C. :

Temperature.
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two other substances which under certain conditions contract

on heating, as, for example, silica below 80 C., and iodide of

silver below 142 C.

53. Convection Currents in Liquids. The experimental

investigation of the exact temperature of maximum density of

water is dependent upon the phenomenon of convection currents,

to be fully dealt with in Chapter XII. For the purposes of this

determination, however, we proceed to give the following short

explanation of the phenomenon. When heat is applied to a liquid

contained in a flask (Fig. 62), initially only the lower layers are

warmed, and differences of temperature are therefore set up.

This, however, affects the density in the different portions of the

^ Water7 -"
r at3 9C:

^ Water "^

.'at 4 1C

FIG. 62.

FIG. 63. Joule's Apparatus for

Maximum Density of Water.

liquid, since increase of temperature must produce a decrease

in density. The cooler upper layers of liquid therefore become

heavier than the warmer lower layers. The latter are thus

forced upwards, and are replaced by the heavier and cooler layers.

These in their turn become heated to a temperature greater than

that of the liquid above them, and, becoming lighter, are also

forced to the top.
In this way a circulation of the liquid is produced, and lasts as

long as differences in temperature exist. To this circulation is

given the name "
convection."

54. The Temperature of Maximum Density for Water. (i)

Joule's Experiment. To determine the temperature at which

water attains its maximum density, Joule used theapparatus illus-
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trated in Fig. 63. Two upright cylindrical vessels were connected

at the bottom by a horizontal tube fitted with a stop-cock, and
at the top by a horizontal channel in which was a floating index.

The stop-cock being initially closed, water was poured in one

vessel at a temperature slightly below 4 C. On opening the stop-

cock, if the densities are different, the pressures at A and B
would be unequal, and a convection current would be set up,
which would at once be detected by the movement of the floating
index in the channel. But as a matter of fact, there are tempera-
tures on either side of the temperature of maximum density such

that the densities corresponding to these temperatures are equal,
and in this case, on opening the stop-cock, no convection current

would be produced, and therefore the index would remain
motionless. Accordingly, Joule carefully adjusted the tempera-
tures, and found that when one vessel was at 3.9 C. and the

other at 4.1 C., the densities were equal. It was therefore

reasonable to suppose that the required temperature of maxi-
mum density was the mean of these two.

He then repeated the experiment with temperatures of, say,

3.95 C. and 4. 05 C., and so on, contracting the range of tempera-
ture between which the maximum point must lie, until he was
within 5*0 C. of the required result.

This was a most accurate method, the index used being

extremely sensitive to the small convection currents set up.

55. (2) Hope'sMaximum Density Apparatus. This isillustrated

in Fig. 64. A vessel D, filled with cold water at, say, 8 C.. has a
"

collar
" CC round its middle portion, containing a freezing

mixture of some kind. Thermometers A and B give the tempera-
tures of the upper and lower layers of water respectively.

Initially both show a temperature of, say, 8 C. The tempera-
ture in the middle, however, falls owing to the steady cooling

produced by the jacket, and the behaviour of the water is normal,

i.e., it contracts and increases in density. It therefore sinks,

setting up convection currents
;

the thermometer B records a
fall in temperature, and the water from the bottom, initially at

8 C., now rises to the collar, to be in its turn cooled and sent

down again, still further reducing the temperature reading of

thermometer B. Thermometer A during this process is very
little affected, there being no means by which the cooling is trans-

mitted upwards, but when the lower thermometer reaches 4 C.,

a change is observed. Further cooling, instead of further
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increasing the density, now causes the liquid to expand, and

therefore decreases the density. The water now rises to the

top instead of sinking to the bottom, and it is now the upper
thermometer which begins to fall, thermometer B remain-

ing stationary at 4 C. Thermometer A rapidly falls, and the

temperature soon goes below 4 C. and reaches zero.

56. Consequences of the Anomalous Behaviour of Water.

It will now be understood by [the student why, for example,

B

FIG. 64. Hope's Apparatus for Maximum Density
of Water.

water freezes from the top downwards, unlike other liquids,

which freeze from the bottom upwards. When the atmosphere
cools below 4 C. the convection currents are upwards, and so

the cooling is unable to be transmitted by convection to the

general body of the water, i.e., the bottom maintains a uniform

temperature of 4 C. Presumably fresh-water fish are grateful
for this accommodating behaviour of water, since the presence
of ice at o C. does not prevent them from enjoying a temperature
of 4 C. Householders, on the other hand, are not grateful when
a thaw shows them the gaping

" wound "
produced by the
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forcible expansion of the cold water and ice at the previous
frost.

57. Undercooled Water. In certain circumstances, water may
be cooled below o C. without freezing, and it is then spoken of as

undercooled or supercooled water. The necessary conditions

are absolute absence of movement and dust, and a perfectly
smooth surface of contact with the containing vessel. When
such water is stirred or in any way disturbed, freezing at once

sets in, the temperature rising to o C. The expansion which

occurs below 4 C. continues for supercooled water.

Wiedner, in 1866, using the dilatometer method, obtained the

following results for the volume of unit weight of supercooled
water :

4 C. i .000

o C. 1.000125

-4 .1.000556
-8 .1.001328

Undercooling is not confined to water, but may occur with

many other liquids.

58. The Effect of Pressure on the Expansion of Liquids.

Amagat has investigated experimentally the influence of pres-
sure upon expansion, and, as one would reasonably expect,
has found that in general increase in pressure diminishes the

expansion. Water is again an exception to this. We should

expect this to be so between o C. and 4 C., but Amagat has

shown that water is exceptional in this respect
from o C. to 50 C.

59. Influence of Salt Solutions on Expansions.
In general, the expansion for a given rise in

temperature is increased by the presence of salts

in solution. This holds for most liquids, includ-

ing water. It is found that the lowering of the

maximum density point is the same for all salts, if

the same number of gram-equivalents of the salt

is dissolved.

60. The Expansion of the Mercury Column of

a Barometer. In reading a barometer (Fig. 65),

two errors are incurred with which we are now pIG g 5>

in a position to deal. The true mercury reading
assumes the height to be at o C., a condition which rarely obtains

in practice, and we must therefore correct for the expansion due
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to the temperature of the barometer column above o C. Further,
the scale (usually brass) with which the instrument is fitted

also expands, and as its true reading is also at o C. a correction

for this, too, is necessary.
Let h

t
denote the observed reading at f C.

h true o C.

Had the scale not expanded, the reading would have been, of

course, greater than h t} i.e., if p is the coefficient of linear expan-
sion of the material of the scale, the reading at f C. would be

Now the pressure on the base of the barometric column is

equal to the height x density xg, i.e., using the usual notation

for densities, and comparing the column at f C. with the equiva-
lent column at o C., we have

where a is the coefficient of cubical expansion of mercury,

whence hQ=h t
.- = h

t
\

i +(a fi)t } approximately.

61. Stem-Correction for a Thermometer. The exposed part
of a thermometer will not in general be at the temperature of

the bulb, and the mercury column will therefore be a little too

short. The correction, for reasons which will be apparent to

the student after reading Chapter XIII., is not very trust-

worthy.
Let /j be the thermometer reading,
Let t2 be the temperature of the stem,
Let t be the true reading required,
Let a be the coefficient of apparent expansion of the ther-

mometer substance used,

then, if n scale divisions of the mercury are exposed, we have

62. Expansion Thermostats. A thermostat is an instrument

which maintains a constant temperature, and one form of it

makes use of the expansion of liquids on heating. This form

of thermostat is frequently used in gas ovens and incubators

where constant temperature is required, and is so designed that
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r ^as

5
burner

_

entry

sma.ll
hole

when the temperature rises above the desired value, the gas-

supply is diminished, but when the temperature gets too low, the

gas-supply is increased to restore the oven or incubator to the

original temperature. The action is therefore based on the

governor principle. It is illustrated P
in Fig. 66. The normal gas-supply
is through Ed and F on to the oven,
but there is also a small hole h in the

tube Ed through which a small

supply of gas may also pass direct

to F. The upper part of the big
bulb A contains paraffin, and the

column BC is filled with mercury.
The bulb A is in the oven, and acts

as the detector of differences in tem-

perature. Suppose the temperature
rises above that which is required,
the paraffin expands much more
than the mercury, and the column
BC is forced up, and closes the end
d of the gas tube Ed. This auto-

matically cuts off the gas supply

except for the small quantity which
is able to pass through the hole h, and which just suffices to

keep the gas burning.

If, however, the temperature falls, the paraffin, contracting
more than the mercury, causes C. to recede, and the gas supply
is increased.

Other forms of thermostat will be described in Chapter VI.

fA

'cury

FIG. 66. Gas Regulator.

EXAMPLES ON CHAPTER III

1 . What do you understand by apparent expansion for a liquid ?

How is it connected with the absolute expansion of the liquid?
2. A flask holds 26.43 grs- of liquid at o C., and 25.21 grs. at

80 C. Find the apparent coefficient of expansion of the liquid in

the flask.

3. Describe how to use a constant volume air thermometer to
measure the boiling-point of a liquid. [H. L.]

4. A thread of mercury occupies 100 divisions of a capillary tube
at o C.- How many divisions will it occupy at 100 C.? (Coefficient
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of linear expansion for glass =.000007, and coefficient of cubical

expansion for mercury= .0001 8 3.)

Illustrate from the above the importance when taking the tempera-
ture of a hot liquid of keeping the stem of the thermometer in

the liquid. [M.]

5. Describe an experiment to determine how the volume of a
mass of water changes with rise in temperature, and state the
results obtained from such an experiment. [H. L.]

6. Describe an accurate method of determining the coefficient of

absolute expansion of mercury. [L. Inter. Sci.]

7. What is a thermostat? Describe one which is suitable for

an incubator.
8. Do you consider that water would be a good thermometric

substance? [C. Sp.]
9. How would you find the coefficient of expansion of a given

liquid by weighing a solid in it at different temperatures ? [L. B.Sc.

Pass.]
10. A weight thermometer weighs 104.5 grs - empty, and contains

623.5 grs. of mercury at o C. If the coefficient of apparent ex-

pansion of mercury= .0001 5 4, find the temperature at which the
total weight becomes 716.7 grs.

1 1 . How can it be shown that water contracts when it is heated
from o C. to 4 C., and that it attains its maximum density at the
latter temperature ? In what way are large masses of water, such
as a lake or a pond, affected by this peculiar behaviour of water

during a severe frost ? [Army.]
12. Describe how to use the weight thermometer for the measure-

ment of temperature. [L. Inter. Sci.]

13. Describe how the coefficient of absolute expansion of mercury
with rise in temperature may be found. [L. Inter. Sci.]

14. A thermometer which has been tested in the usual way is

sunk to its 20 mark in a liquid, and reads 90 C. The mean
temperature of the rest of the stem is 25 C. Find the true tempera-
ture of the liquid, the coefficient of expansion of mercury-in-glass
being .00015. [L. Inter. Sci.]

15. A mercury thermometer at o C. contains 2 c.cs. of mercury,
and the distance between the fixed points is 30 cms. Calculate the
diameter of the tube at o C., given the coefficient of absolute

expansion of mercury is .00018, and of glass .00003. [L - Inter. Sci.]
1 6. Give an account of the phenomenon of undercooling.
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CHAPTER IV

THE EXPANSION OF GASES AND THE KINETIC THEORY

63. The Thermal Expansion of Gases. The study of the effect
of heat on gases is influenced by the fact that both pressure and
volume are easily liable to change. In dealing with solids and
liquids, we were not concerned with pressure changes, since the
influence of pressure is in such cases very small. The pressure
of a gas, however, as well as its volume, is easily changed. To
avoid confusion, therefore, we divide our experimental study
of the influence of heat on

gases into two parts. In the

first we consider the effects of

changes in temperature upon
the volume of a gas when its

pressure is kept constant, and

secondly the influence of tem-

perature changes upon the

pressure, keeping the volume
constant.

64. Relation between Tem-
perature and Volume at Con-
stant Pressure. A simple
form of apparatus suitable for

FIG. 67.

this experiment is shown in Fig. 67. A graduated capillary tube

ABC closed at A is bent into a right-angle at B, the bore along BC
being wider than from A to B. The gas to be experimented
upon is imprisoned in AD by a column of strong sulphuric
acid which extends a few millimetres up the vertical tube.

The tube is placed horizontally in a water-bath, and really
constitutes a dilatometer. The experiment is carried out

practically at atmospheric pressure, the end C being open.
The cross-section being constant throughout the experiment,

the volume of the gas is proportional to the length. The experi-
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ment consists in reading the length of the gas column foi a

series of temperatures. The bath should be well stirred to keep
the temperature uniform.

65. Regnault's Apparatus. Regnault carried out more exact

experiments than that just described, using the apparatus shown
in Fig. 68. Immersed in a bath B is a bulb containing the gas

FIG. 68.

under test. Leading from the bulb is the narrow tube CDE,
bent as shown, and from this we have the U-tube EFG contain-

ing mercury which can be run out by means of the stop-cock S

as desired. The expansion of the narrow tube DE is too small

to be considered. The volume of the bulb and tube up to E
must first be known, and is determined by being exhausted of

all air, weighed, and then filled with water and re-weighed, the

difference giving the required volume. The subsequent and

very necessary drying of the bulb and the filling with the gas
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is a tedious process, and is done by repeated exhaustion, heating
and re-filling, the gas being first made to pass through drying
tubes.

The U-tubes are graduated in volume divisions, and beginning

at, say, o C., the volume of the gas is that of the bulb plus the

upper part of the tube EH. The pressure during the taking
of the readings is kept at atmospheric by keeping H and K at the

same horizontal level. In order to control the temperature

changes of the portion of the gas in the U-tube above the mercury
an oil or water jacket surrounds the U-tube, and is kept at a

uniform temperature /j
C. A reading being taken for o C., the

bath is heated to
; say, 10 C.,and as the consequent expansion will

have forced the mercury in the left-hand limb down, and in the

other limb up, the levels are adjusted by opening the stop-cock S.

The pressure at K being atmospheric, that at H must also be

atmospheric. The level H is now read, and the observations

repeated for a higher temperature. Let V denote the volume
of the bulb at o C., and V Q the corresponding reading in the

U-tube.

Then with the usual notation for densities, the mass of the

gas will be

Voeo+^oe* (0
where = the temperature of the jacket round the U-tube.

If at f C. the volume reading in the U-tube is v
t, and if p denote

the coefficient of cubical expansion of glass, the true volume of

the bulb is V (i +pt), giving the mass of gas

and since the mass remains unaltered, we can equate (i) and (ii),

giving V (i+pt)Q t +v tQ9=V Q +v Q .

But if a= coefficient of cubical expansion of the gas, we have

I lence we have

which enables us to calculate a.

66. Results for Constant Pressure. Charles' Law. The results

of the experiments just described show that the relation between
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the volume and temperature of a gas when the pressure is

constant is given by
v

t =vi+at). (i)

This is consistent with the result for solids and liquids, but
there is this important difference a does not differ from gas
to gas ;

it is practically the same for all gases, and is equal to

.00367. Expressed as a vulgar fraction, a =._,]..,, which means
that all gases expand by an amount equal to

._,

i
_.

of the volume
at o C. for every degree rise in temperature. This important
result is known as Charles' Law. It is not perfectly true, and
we shall discuss the deviations from it fully later.

67. Relation between Temperature and Pressure at Constant

Volume. The relation between the temperature and pressure
of a gas when the volume is kept con-

stant is best determined by a slight
modification of the apparatus just
described. We have already referred

to it in Chapter I. as a means for

measuring temperature. A reference

to Fig. 69 will at once show the

principle of the method. The volume
is maintained constant by keeping the

mercury level at the horn-shaped
datum-mark. When the expansion of

the gas due to a rise in temperature
forces the mercury down, more mer-

cury is poured into the right-hand limb

until the gas is again compressed to

FIG. 69. Diagram to illus- the original value. The difference in

trate principle of Con- the two mercury levels is the excess
,,i..,,4 t7,~i..,~ r f i

of the pressure of the gas in the

bulb above that of the atmosphere,
and by varying the temperature of the bulb, a curve can be

plotted connecting pressure and temperature.
An alternative device more frequently used for maintaining

the level of the mercury in the left-hand limb at the index is

that of the long flexible india-rubber connecting-tube as shown in

Fig. 70. It has obvious advantages over the other form.

68. Results for Constant Volume. The Gas Equation.
Results show that when the volume of a gas is constant, the

relation between pressure and temperature is given by

stant Volume
mometer.
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p t =P (i+at), (ii)

a being the temperature coefficient of increase of pressure.
a works out to .00367 for all gases, a result identical with that

of the volume coefficient just considered. This remarkable

result enables us to combine the two gas equations into the form

for at constant volume v
t
=vQ and the equation reduces .to

equation (ii),
whilst at constant pressure p t =pQ, and the

equation becomes as in
(i).

We may re-write (iii) thus :

But since a= .00367 = .j\ : .,

we have ptV t =p
and p v Q being the standard condition of the gas at o C., and
a being constant, p v a will be a constant which we usually
denote by R.

Hence we have /> fz^
= R(2 73+2).

Substituting T for 273 + /, we have for any gas at pressure p
and corresponding volume v the relation

This is spoken of as the Gas Equation, and gives the general

relationship between pressure, volume, and temperature for

any gas.

69. Absolute Temperature. In the Gas Equation pv= RT,
T is equal to the ordinary temperature f C. plus 273, and is

spoken of as the absolute temperature. The Centigrade tempera-
ture corresponding to o A. (i.e., o absolute) is therefore 273 C.

What is the pressure corresponding to this temperature, if

the volume is constant ? Since pv = RT, if T=o, pv must equal
zero. But since the volume is finite and constant, it follows

that p = o. Hence at a temperature of 273 C., provided that

at this temperature the Gas Equation holds good, the pressure
of a gas would be zero. We therefore speak of 273 C. as the

absolute zero of temperature. In a constant volume gas ther-

mometer, in which temperatures are read by referring them to

the corresponding pressures obtained, it will be obvious that

273 C. is the lowest temperature which such a thermometer
could record.

70. The Standard Constant Volume Thermometer. We have
seen that owing to the uncertain behaviour of glass during the
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D--m

heating of a mercury-in-glass thermometer, errors are intro-

duced in the readings intermediate between the two fixed

points, and any two mercury thermometers made of different

kinds of glass will usually show slight differences in reading
at almost any tempera-
ture. When we deal

with gases, however, the

expansion per degree rise

in temperature is pro-

portionately so much

greater than in the case

of liquids that the slight

vagaries of the contain-

ing vessel affect the

readings very little in-

deed. These expansions,

too, are constant for a

far greater range on both

sides of the fixed points
than is the case for

liquids.
As a consequence, for

standard purposes gases
are far more suitable

in thermometry than

liquids. Fig. 70 shows
a good form of constant

volume gas thermometer
of a standard type.
The gas is contained in

the bulb B, usually a
litre cylinder of platino-

iridium, and communi-
cates with the reservoir

AF by means of a fine

steel tube. The mercury
in the reservoir AF is kept at the level of the horn-shaped index.

Communicating with AF by means of a three-way cock G is

a long mercury column GH (bent so as to bring its closed

widened extremity EH into a line with AF), and the reservoir

R. This latter can be raised or lowered as desired by means
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of the cord PQ and pulley P, being connected to the horizontal

tube at G by means of thick rubber tubing.
The apparatus is so arranged that when R is on the same

horizontal level as A, the gas in B is at atmospheric pressure, and
this is given by the height of E above A, as indicated on the

scale CD. When the temperature of the gas in B alters, the

mercury is maintained at the index A by adjusting the height
of R, and this of course alters the height of the column EG. In

every case, however, the excess of E above A as read on the scale

gives directly the pressure in the bulb B, thus avoiding the

necessity for a separate barometer reading. The heights are

carefully read with a cathetometer, and temperature corrections

are applied for the mercury and scale as indicated in para-

graphs 60 and 61.

For ordinary purposes, the gas used is hydrogen, but at high

temperatures this would leak through the bulb, and accordingly

nitrogen is used for temperatures from about 500 C. to 1300 C.

71. Boyle's Law. We have so far investigated two types of

gas changes : (a) changes in pressure with changes in tempera-

ture, keeping the volume constant, and (b) changes in volume
with changes in temperature, keeping the pressure constant.

We saw that the results of these two types of change, could be

summed up by the Gas Equation,

/w= RT,
where p and v denote the pressure and volume respectively, T
the absolute temperature, and R a constant.

We now proceed to a third type of change the relation

between pressure and volume when the temperature is kept
constant.

This relationship at once' follows from the Gas Equation, for

if T is constant, RT is also constant and equal, say, to K, giving

pv=K,
i.e., the product of the pressure and the volume of a gas is always

constant, provided the temperature remains unaltered. This

important result is known as Boyle's Law. It was discovered

by Robert Boyle in the year 1661.

The experimental verification of this law is illustrated in

Fig. 71. The gas to be tested is introduced into a graduated
burette AB by means of the cock-stop K, after having been care-

fully dried by being passed through the calcium-chloride tube H.
The gas is trapped by the mercury column CB communicating
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with the mercury reservoir E by means of a long piece of thick

rubber tubing. To facilitate the reading of the mercury-level
in E, a narrow side tube FG communicates with it as shown.

FG is immediately in front of a long scale XY, over which it

can be made to slide by
drawing a cord over the

pulleys P at the top of the

stand. The procedure of

the experiment is as fol-

lows : The index-tube FG
is adjusted until the levels

in C and G are the same.

The pressure in the reservoir

E being that of the atmo-

sphere, the pressure of the

gas in AC will also be atmo-

spheric. The volume of the

gas is the product of the

height AC and the cross-

sectional area of the tube.

But throughout the experi-
ment the cross-section of

the tube is unaltered, and
therefore the volume of the

gas may always be repre-
sented by the height of AC.
This is accordingly read on
the burette scale.

We now raise the reservoir

E by means of the cord and

pulleys to some position E 1

(Fig. 72). The mercury level

rises from C to C1
,
but this

increase is not asgreat as for

the right-hand limb. We
FIG 71. have increased the pressure

exerted against the gas,
which has in consequence diminished in volume. The increase

in pressure is given by h, the difference in levels between G 1 and
C1

,
and this is accordingly added to the atmospheric pressure

('previously read on a barometer) to give the new pressure of the



THE EXPANSION OF GASES 73

gas. Also the volume A1^ is read off, and the level of the

reservoir is again raised for a third reading.
The pressure is in this way increased in steps until several

readings have been obtained for pressures greater than that of

the atmosphere. The reservoir is then

again brought back to its initial position
such that the levels in C and E are the

same, and a series of readings is then

taken at pressures less than atmospheric,

i.e., the reservoir E is lowered in successive

steps instead of raised and the difference

of levels h is now subtracted from the

barometric pressure to give the pressure
in AC.

In each case the pressure is multiplied

by its corresponding volume, and it will

be found within the limits of experimental
error that the product is constant, thus

verifying Boyle's Law.

72. Isothermals. If we plot a graph

showing the pressures of a gas as ordinates,
and the corresponding volumes at constant

temperature as abscissae, we get a curve

which gives us the graphical representa-
tion of Boyle's Law.
Such a curve is called an isothermal,

and we shall have a different isothermal for every one

temperature.

Fig. 73 shows the isothermals for three temperatures, t C.,

*i C., and /2 C. The equation to an isothermal being pv=K,
K will have a different value in each case. From the equation
it will be seen that the curve is a portion of a rectangular

hyperbola.
It will be evident, moreover, that in the figure /t C. will be

greater than f C., and /2 C. will be greater than t C., for if we
consider for a moment the state of the gas represented by the

point A on the f C. isothermal, its volume is given by v
t
in the

figure. If now we raise its temperature to t C., but keep its

pressure constant, the gas expands, and its volume increases

from v
t
to vt,. To represent it on the graph, therefore, we

must move in a horizontal line through A to the right. Its

FIG. 72.
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pressure is thus unaltered, and we get to the point B. Similarly,

a further increase in temperature to t2 will bring the gas still

farther to the right to the point C on the / 2 C. isothermal. Thus

FIG. 73.

right,in successive isothermals the temperature increases to the

and decreases to the left.

73. Perfect Gas. No gas completely obeys Boyle's Law,
which is only approximately true, as is also Charles' Law, and

we shall consider the deviations from these laws in some detail.

When it was first seen that the Gas Equation was not completely

obeyed, it became convenient on theoretical grounds to refer

to a perfect gas as being one which does completely obey the
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Gas Laws, and this term is a very useful one. No gas is perfect

in this sense
;

in the case of hydrogen it was found that within

certain limits the deviations were of an opposite character from

that of other gases, and this was accordingly spoken of as being
" more than perfect."

74. Deviations from Boyle's Law. It was Depretz who in

1827 was the first to point out that certain gases showed devia-

tions from Boyle's Law. The subject was taken up by Dulong
in 1829, and later by Pouillet, but exact experiments of a reliable

character were not systematically carried out until 1847, when

Pressure P
FIG. 74.

Regnault, using a long mercury column, investigated the values

of the product PV for various pressures up to about thirty

atmospheres.
In 1850 Natterer succeeded in obtaining values for much

higher pressures than this, but the most reliable
"
high pressure

"

experiments made were carried out by Cailletet in 1877 and by

Amagat in 1880, the latter reaching pressures of 3000 atmo-

spheres. In studying the results of these experiments, it should

be remembered that for a perfect gas, i.e., a gas strictly obeying

Boyle's Law, a graph connecting the product PV with the

pressure P would be a straight horizontal line. Also, since the

product PV requires that the temperature shall be constant, a

series of curves may be obtained for different temperatures.
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The types of curves obtained by Amagat are shown in Fig. 74,

and in Figs. 75, 76, and 77 are shown the separate curves obtained

for a series of temperatures. It will be seen that in no case is the

horizontal straight line of the perfect gas obtained.

There appear to be three types of curves. In the case of

hydrogen, the product PV persistently rises with the pres-

sure, and no variation from this is apparent] even at lower

temperatures.
For nitrogen, the product PV at first decreases, then reaches

a minimum value, and then increases. The dip in the curve

PrcssUte in Atmos

FIG 75.

about the minimum value becomes more exaggerated as the

temperature decreases, as will be seen in Fig. 76.

In the case of carbon dioxide, the decreases and increases

are as with nitrogen, but much more pronounced. The curves

for ethylene closely resemble those of carbon dioxide.

Now of the gases referred to, ethylene and carbon dioxide

have the highest points of liquefaction (in the case of the latter

78 C.), whilst nitrogen liquifies at 192 C., and hydrogen at

a temperature of 253 C. (these figures refer to the boiling-

points under atmospheric pressure), and it will be seen that to

make a more reliable comparison of the PV curves, instead of

taking curves at the same temperature, we should compare
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them at temperatures equally removed from their boiling-points.
When we do this we find that in reality there is only one type
of curve, the C0 2 type, and that ultimately all follow the example
of hydrogen. We shall shortly consider this question fully from
an analytical point of view, when it will be^found that all the

experimental results follow as the consequences of a very

Pressure in Atmos

FIG. 76.

important and now universally accepted theory known as the

Kinetic Theory of Gases. To this we now proceed.

THE KINETIC THEORY OF GASES

75. Molecular Structure of Matter. The Kinetic Theory of

Gases is based on the molecular structure of matter. It is true

for all substances that they consist of an immense number of

very tiny particles, called molecules, which are not actually

together, but are separated from each other by minute distances

which differ in the different states of matter.

We can best conceive the idea of a molecule by imagining a

small portion of a substance, say water, to be divided up and
subdivided again and again. Actually this continued subdivision

is impracticable owing to the inability of the ordinary laboratory

equipment to cope with the extremely minute portions produced,

, ^~
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but for theoretical considerations we may assume that such

practical difficulties can be overcome. For a long time the

process of subdivision merely results in increasingly small

particles of water, but eventually a limit is reached at which a

further subdivision produces not two particles of water, but

one of hydrogen and one of oxygen, i.e., two substances whose
chemical properties are different from the original.

In other words, we have reached the smallest particle of water

which can exist as such, and we speak of this as a molecule of

water.

A molecule therefore is the smallest portion of a substance which

can exist in a free state and retain the properties of that substance.

It will be seen from the example quoted above that a molecule

can be capable of further subdivision
;
water molecules split up

into molecules of hydrogen and oxygen, whilst carbon dioxide

molecules are built up of molecules of carbon and oxygen.
When we consider an element, however, the divisions we obtain

are called atoms. Thus a molecule of phosphorus consists of four

atoms, three or five being an impossible number
;

a molecule

of hydrogen consists of two atoms, whilst a molecule of zinc

has only one atom. In monatomic substances such as zinc, of

course, the terms molecule and atom are synonymous.
We may therefore define an atom as being the smallest particle

of matter which can take part in a chemical change.

76. Electrons. Recent physical research has shown that

atoms are not the final stage of subdivision of matter. According
to the Electron Theory which has been developed by Sir J. J.

Thomson and others, and which is now generally accepted by
all scientists, the atom in its normal state consists of a com-

paratively large nucleus to which is attached a positive charge
of electricity, surrounded by a number of much more minute

particles to which are attached negative charges of electricity.
The nucleus is spoken of as the positive electron, and the sur-

rounding particles are negative electrons. These latter are about
one two-thousandth part of the mass of the positive electron.

They are not at rest, but revolve around the nucleus at varying
distances in closed orbits like a miniature solar system.
From an electrical point of view, in the normal state the nega-

tive charges counterbalance the central positive charge, but if,

as will occasionally happen, one of the negative electrons is
"

lost
"

to a neighbouring molecule, there is a preponderance
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of positive electricity in the atom, which we express by saying
that it is positively charged. Similarly, when an additional

electron is
"
caught

"
from a neighbouring molecule, there is a

preponderance of negative electricity, and we say the atom is

negatively charged.
The "

Electron Theory
"
has had a great influence on modern

physical thought, but from the point of view of this book we
are chiefly concerned with it from the fact that it has served fully

to confirm the view as to the molecular structure of matter.

77. Relative Molecular Magnitudes for Solids, Liquids, and

Gases. We have no certain knowledge as to the shape or size

of molecules. For general purposes, we may talk of them as

though they are spherical in shape, but it should be understood

that this is only a statement of convenience which cannot be

absolutely true. Estimates as to the approximate diameter of a

molecule agree in a value of the order 2 x io
~ 8

cms., a magnitude
far too small for adequate human conception. Some very inade-

quate idea of this may be attempted from the following illustra-

tion : if a drop of water be magnified to the size of the earth, the

molecules in it would be of the size of footballs.

From the point of view of the Atomic Theory, the chief dis-

tinction between solids, liquids, and gases is in the difference

between the average distances apart of the molecules of which

they are formed.

In solids they are closest together, in liquids they are not

so close together, and in gases they are farthest apart. If we
denote by d the diameter of a molecule, and by x the average
distance from centre to centre, then in solids x is of the order

i.$d to 3^, in liquids 2d to $d, whilst in gases x is of the order

lod to i$d. As an illustration of the difference in this respect
between liquids and gases, we know that i c.c. of water occupies
a volume of 1700 c.cs. when it is converted into steam, so that

for steam the distance between molecules is ^1700 times the dis-

tance for water, i.e., twelve times the distance apart for water.

The first reliable determination of the number of molecules

present in i c.c. of a gas at normal temperature and pressure
was made by Loschmidtz, who deduced a value of io20 . More
recent determinations show this to be too large, the latest value

being 2.7 x io19 .

78. The Kinetic Theory of Gases. According to the Kinetic

Theory, the molecules of a gas are not at rest with respect to
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each other, but are in a state of rapid motion, such motion being
in straight lines, and in all directions. There is no system in the

movements,, which are consequently referred to as non-directed

or haphazard motion. The motion of a molecule will be con-

stantly interrupted by collision with other molecules, and the

mechanics of the impact of smooth spheres will be applicable
to their behaviour. The collisions will not necessarily be direct,

but they will produce rebounds and a rearrangement of velocities

both in magnitude and direction. The velocities will therefore

vary within limits.

The average distance which a molecule is able to traverse

without interruption is known as the mean free path in the gas.

The mean free path is different for different gases, and alters

with alterations in temperature. It follows from this view of

the behaviour of the molecules that they possess mechanical

energy. This energy is not manifest in the body of the gas as a

whole
;

it may, for example, be enclosed in a box, and outwardly
be quite still, yet inwardly, from the point of view of the mole-

cules themselves, the haphazard motion which they possess must

mean the existence of a large amount of kinetic energy, and

we speak of the total of this for all the molecules as the internal

energy of the gas.

79. The Influence of Temperature. The motion of translation

is not the only one to which the molecules of a gas are subjected ;

there is also a rotary motion about the centre of mass, as would
be produced, for example, by a

"
glancing

"
collision with

another molecule. The motions of the individual atoms within

the molecules, and independent of the molecule as a whole,
should also not be forgotten, but the motion of translation is

easily the most important factor.

We shall shortly see that temperature has a great influence

on the velocity of the molecule. We may anticipate the result

by saying that the kinetic energy of the molecule is proportional
to the absolute temperature of the gas, i.e., if u is the mean velocity

of a molecule, then u <*
N/T. Hence the effect of increase in

temperature is to raise the kinetic energy of the molecules.

It must be obvious from this that there is an intimate connection

between the amount of heat in a gas and its internal energy.
This is a very important aspect of the Kinetic Theory, and will

be fully discussed later.

80. Evidences of Molecular Motions in Gases. That the mole-

F
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FIG. 78.

cules of a gas must be in motion, even when confined in a "
still

"

space, is evident from a few simple every-day observations.

For example, if a gas like ammonia, having a strong smell, be

introduced in one end of a room, in a very short time we are

conscious of its presence in every part
of the room. Again, if we have two

spherical vessels A and B connected as

shown in Fig. 78, the upper containing,

say, hydrogen, and the lower a much
heavier gas like carbon dioxide, on

opening the stop-cocks connecting the

two we find after some hours that

both gases fill both spheres exactly in

the same proportions. This pheno-
menon is spoken of as diffusivn, and

clearly demonstrates the existence of

molecular motions.

81. The Pressure of a Gas. The
well-known fact that gases have the

property of indefinite expansibility at

once follows from the Kinetic Theory.
If the walls of a vessel filled with gas are suddenly with-

drawn so that the gas is set free in a much bigger space,
the molecules previously in collision with the walls, or moving
towards them, are no longer impeded, i.e., their further motion

along the line of their velocity is not interfered with. Con-

sequently they are able to move on, thus giving them more

room, and increasing the mean free path of the molecules in the

centre of the space. The molecules thus adjust themselves to the

new space conditions, and the amount of their expansion is only
limited by the walls of the containing vessel. Of course the mole-

cules hamper each other in collision, and therefore the adjust-
ment should not be instantaneous, but should take some little

time. As a matter of fact, however, no appreciable time can as a

rule be observed thus if we have a gas confined in a cylinder by
a movable piston, and the piston is suddenly withdrawn, how-
ever sudden the movement, the molecules of the gas appear to

follow it and take up the new volume instantaneously. This can

only be explained by the fact that the mean velocity of the mole-

cules must be very high, and as a matter of fact it is comparable
with the velocity of sound in a gas. At normal temperature and
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pressure, the velocity of a molecule is of the order from one and a

half to twice the velocity of sound ;
in air, for example,, the mole-

cular velocity is of the order 500 metres per second. These high
velocities assert themselves externally by what we call the

pressure of the gas.
The limit to the molecular motions is determined by the walls

of the containing vessel; these are constantly bombarded by
the molecules in their tendency to expand farther, and we speak
of this bombardment as the pressure which the gas exerts upon
the walls of the vessel.

82. Influence of Molecular Attraction. It should be noticed

by the student that this behaviour of gases is due initially to the

fact that the average distance apart of the molecules from each

other is large in comparison with their diameters. Were this

not so, we should have to consider as an important factor the

gravitational attraction of the molecules towards each other.

This would act as a
"
binding

"
influence, and would oppose the

freedom of movement and the tendency to expansion, but in

the case of gases this influence is relatively small, and does not

interfere materially with the property of unlimited expansibility.

83. Extension of Kinetic Theory to Liquids and Solids. Mole-

cular motions undoubtedly exist in liquids as well as in gases.

For example, a small layer of liquid left exposed to the air

gradually disappears. This can only be due to the slow but

persistent loss of molecules to the air. The molecules of a liquid
are in constant collision with each other, but occasionally one

will be moving upwards, and will fail to encounter another

molecule, and it will therefore penetrate into the air above.

Compared with gases, the mean free path for liquids is small,

and the influence of molecular attraction is now an important
factor. As a consequence, while the molecules are free enough
to enable one portion of liquid to

"
slip over

"
another portion,

i.e., to be poured out, and to permit of the liquid immediately
to assume the shape of the containing vessel, yet it is unable to

expand, and retains a fairly constant volume. Within the liquid

itself, however, a molecule is able to travel by a series of collisions

from one part of the liquid to another
;

its position may con-

stantly change.
In the case of solids the mean free path is very small, and the

molecular attractions are relatively so large that freedom of

motion cannot exist, and the molecules are
" bound "

to mean
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positions from which they can only move a very little distance.

Accordingly, the relative positions of the molecules of a solid

remain practically unaltered, and they preserve their shape and
volume. The cohesive forces which bind the molecules of a solid

together are surprisingly great, and to overcome them by

separating the molecules requires an immense force of tension.

That molecular motions do definitely exist in solids has been

demonstrated by the following experiment. A block of pure
silver was fitted exactly on a block of pure gold (Fig. 79) and
left undisturbed for a few years. On examination each block

was found to possess a very thin surface of alloy of gold and

Z ^1

PURE SILVER

PURE GOLD

FIG. /(>. FIG. 80.

silver. This experiment has been successfully repeated for many
other metals, and is particularly successful at high temperatures.

84. The Analytical Study of the Kinetic Theory of Gases.

Consider the motion of a portion of gas
Z- enclosed in a cubic space of edge / (Fig.

80). Let u be the velocity of any par-
s ticular molecule at any time. This will

take place in any direction, but we can

refer the motion to three axes OX, OY,
^ and OZ perpendicular to each face, and

if we denote by x, y, and z the com-

X ponents of the velocity u in these three

directions, i.e., x along the X axis, y
along the Y axis, and s along the Z

axis, we shall have the following rela-

tionship :

O

Y

Let us consider the x component first. The molecule strikes

the face YZ (Fig. 81) with the component normal velocity of x
}
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and then rebounds in a direction such that the component along
the X axis remains x in magnitude, but is now directed normally

away from the face YZ, i.e., its velocity is x and its change
in velocity,is therefore x(x) = 2X.

Let m denote the mass of the molecule, so that mx is the

momentum 1 before collision with the wall.

Then the change in momentum with regard to the X com-

ponent due to the collision of the molecule with the wall is 2mx.
Now by Newton's Second Law of Motion, the rate of change of

momentum produced is equal to the force applied. Hence the

force exerted on the wall due to the collision= 2mx. Now, since

x represents the distance traversed per unit of time in the direc-

tion of the X axis, and since / is the length of one face, the

molecule will be able to move from one face to the opposite =

A

times in one second, i.e., it will make y collisions with the two

faces YZ and Y^ per second.

Hence the total change of momentum produced per unit of

X 21HX2
time = 2mx x

^
= -

Similarly, the total change of momentum produced by the

molecule per unit of time in respect of the y and z components

of the velocity u will be and respectively.

Hence the total force due to the molecule on all six faces

| ,

~T

dynes
|-;p
rom equation (i).

Let there be n molecules in the cube altogether.
.'. the total effect per unit time, i.e., the total force, due to

Q

all the molecules on all six faces=^!^ dynes.

1 Momentum= amount of motion in the body= mass X velocity.
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Now at any instant, since n is very great, there is no more

reason why the molecules should be moving more in one direction

than in another, so that we may reasonably assume that there

will be the same number of collisions per second on all six faces.

7 2

Hence the total force on anv one face = f
6 3/

But the pressure on any one face is the force per unit area.

umu2

Total force
.'. pressure orj

each face =

mnu2 .mnu2
,i-- dynes,

where V = volume of the cube.

Now m is the mass of one molecule, and n is the number of

molecules in the cube, and therefore mn represents the total

mass of gas in the cube. Denote this by M.

Then pressure on each face =
^r-

= P, say.

/. PV = plw2
.

But M is the mass of the gas, and is constant. Also u2
is the

mean square velocity of the gas, and is also constant. Hence
we have PV = K, and we have therefore established the truth of

Boyle's Law by the Kinetic Theory of Gases.

Note. In the Equation PV = plw2
,
it should be noticed that

u is the mean square velocity, and not the square of the mean

velocity. The two are very different.

e.g., The mean of the velocities 80 and 100 is 90, and the square
of this is 8100, but the mean of 8o2 and ioo2 is

6400 + 10000 = 8200.
2

85. Molecular Velocity and Temperature. If we have a body
of mass m and velocity v

}
we know from elementary mechanics l

that the kinetic energy possessed by the body is equal to \mv^.
Hence the kinetic energy possessed by the gas just considered

will be Mtt2 .

But PV = plw2
,
and hence we have the important fact that

PV= of the kinetic energy of the molecules of a gas.
1 See Chapter XV.
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Now the Gas Equation, experimentally established, tells us

thatPV = RT.

Hence RT= iMw2
; i.e., w

2 * T, or u VT. We see then that

mean velocity of the molecules is proportional to the square root of
the Absolute Temperature.

It follows that when T = o, u o, so that at the absolute zero

of temperature the molecules will have no motion, but will all

be at rest
; they will be absolutely devoid of all heat. This shows

again the intimate relationship which exists between heat and
the internal kinetic energy of a gas.

86. Charles' Law. Assuming that the molecular velocity is

proportional
to the square root of the absolute temperature,

it is very easy to deduce Charles' Law from the Kinetic

Theory.
The pressure on the walls of the cube in Fig. 80 will be

increased by
(1) an increase in the velocity of the molecules, and

(2) an increase in the number of blows struck per unit time.

Now in (i) the velocity u is proportional to ^T, and therefore

p* *'f;

Also, in (2) the number of blows struck per second is propor-
tional to the velocity, since if the velocity increases, more blows

will be struck per second.

i.e., n a v, and v oc *>% .-. n oc ^f and .'.Pa ^T.

Hence for both factors (i) and (2), the pressure P is proportional

to ^T. Combining them for the total effect, we see that

p
PCX ^Tx ^T, giving ^= constant, which is the analytical state-

ment of Charles' Law.

87. Avogadro's Law. Avogadro's Law states that equal
volumes of different gases under the same conditions of tempera-
ture and pressure contain the same number of molecules. This

was enunciated by Avogadro as early as 1811, and forms one of

the fundamental theorems of quantitative chemistry. It can be

proved by the Kinetic Theory as follows :

Consider two gases A and B whose volumes and pressures are

respectively p-^v-^ and p 2^z- Let m and m2 be the masses of

each molecule in A and B, and suppose the number of molecules

in each are u^ and
2 .
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Taking the usual notation for the square root of the mean

square velocity, we have

Piv i
= i^i^i^i

2 for A,
and p 2v2=$m2n 2u 2

2 for B.

Suppose pi=Pz and Vi
=

Vz,

then \m\n\u-f=$m2n 2u2
2
,

or W 1w 1
w

1
2 = m 2w 2w 2

2
. (i)

Now suppose that the temperatures are also equal. Then the

mean kinetic energy of the molecules will also be equal,

i.e., WiW 1
2=m2z*2

2
. (ii)

Comparing with equation (i) above, it follows that

which proves Avogadro's Law.
88. Molecular Velocities for Different Gases. It will be obvious

in consequence of Avogadro's Law that the molecular velocities

must be very different in different gases. For example, if we
consider equal volumes of air and hydrogen at equal tempera-
tures and pressures, we know that the number of molecules is

the same in each case, but that the hydrogen is only one-fourteenth

of the weight of the air. It can only be possible for the pressures
on the walls to be equal in the two cases if the hydrogen mole-

cules strike the walls with a much greater velocity. As a matter

of fact, while for air the velocity is about 450 metres per second,

for hydrogen it is about 1700 metres per second.

We have pv=

whence u= , ,.
M

e.g., Required the molecular velocity for oxygen at o C. and

760 mms. pressure.
Consider a litre of the gas. We know that a litre of hydrogen

at o C. and 760 mms. pressure weighs .0896 grs., and therefore

T litre of oxygen weighs 16 x .0896 grs.

^3x1 atmosphere x 1000

16 x .0896

Now i atmosphere = weight of 76 cms. of mercury
=76 x 13.57 x 981 dynes per sq. cm.

X76 XI3.57 xo8i x 1000- cms. per second
16 x .0896

=4.61 x io4 cms. per second.
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89. Graham's Law of Diffusion. We can compare the

molecular velocities for different gases thus :

But Mj^mass of volume v, and therefore the density

Hence ^1=; or Wl a_

which gives
-!=
2

i.e., the mean molecular velocity of different gases varies in-

versely as the square root of their densities.

This is spoken of as Graham's Law of Diffusion. It follows

from this that since hydrogen has a density one-sixteenth that

of oxygen, its mean molecular velocity will be four times that

of the latter gas, i.e., u for hydrogen will equal 1.84 xio
5 cms.

per second.

We have already met with an example of diffusion in gases
in the experiment illustrated in Fig. 78. The molecules of

hydrogen and carbon dioxide were able to intermingle and
diffuse themselves at rates determined by Graham's Law, until

finally the density of the mixture was uniform throughout.
The same is also true for liquids. If, for example, we have

a concentrated salt solution in the lower half of a cylindrical

vessel, with pure water in the upper half, the line of demarcation

slowly disappears if left for a long time, and the upper half

becomes coloured owing to the diffusion of the salt upwards.
We speak of the amount of salt per cubic centimetre of liquid
as the concentration, and the higher we go in the liquid, the less

this becomes.

The coefficient of diffusion is defined as the weight of salt

which will flow in one second through one square centimetre

cross-section of the vessel from the lower level to the upper level,

when the difference in concentration between the two levels

is unity.

90. Astronomical Consequences of Molecular Velocities.

One of the most interesting consequences of molecular velocities
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is seen in the absence of an atmosphere from the surface of the

moon. A body projected upwards with a great velocity is

gradually slowed down in consequence of the earth's force of

gravity, and it finally comes momentarily to rest, and then

returns to the earth. The greater the velocity of projection the

farther does the body succeed in going before being compelled
to return to the earth. There will however be a limiting

velocity such that a body which is projected with a velocity

greater than this
"

critical
"

velocity will move to such a

distance from the earth as will suffice to carry it beyond the

sphere of its influence, and in that case the body will be lost to

the earth for ever. The critical velocity is obviously a function

of the earth's mass, and is approximately seven miles per second.

In the case of the Sun, it is as much as 391 miles per second, on

Jupiter 37, on Saturn 22, and on Mars 3^ miles per second.

Owing to its comparatively small mass, in the case of the Moon
the critical velocity is only a mile and a half per second.

Now the average molecular velocity for hydrogen is about one

mile per second, and this will be constantly exceeded as well as

not reached. On the moon, therefore, although it originally
must have had an atmosphere, the gas molecules have been

gradually lost until no traces of them are left. For the same
reason Mars, a small planet, has a rarer atmosphere than ours,
whilst Jupiter, a much larger planet,has a verydense atmosphere.

91. Viscosity. Another consequence of the Kinetic Theory
is what is known as viscosity. Viscosity is a phenomenon in

liquids and gases which corresponds to what is spoken of as

friction in solids. It may be expressed by saying that if for

any reason there is set up a tendency for the formation of con-

vention currents in a gas, the movements invariably die away.
Let A, B, C, D, etc. (Fig. 82), be each i c.c. of a gas in a vertical

column such that they have forward velocities vl} v 2 ,
z>3 ,

z;4 , etc.,

decreasing downwards. Now since they all adjoin, the mole-

cules composing each cubic centimetre are free to intermingle.
Molecules coming from B to C will move from a region of greater

average velocity to a region of lesser average velocity ; they
will therefore raise the average velocity of the molecules in f ,

thus increasing the motion of C as a whole. Similarly the

molecules of, say, D will check the motion of the adjoining cubic

centimetre C. The aggregate effect is for the different molecules

to equalise the motion of the gas as a whole, fast molecules being
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slowed down, and slow molecules being speeded up until all

move with one velocity. The same statement is also true for

liquids in motion.

We define the coefficient of viscosity as the force which is

transmitted from layer to layer through a cross-section of one

square centimetre, when the extreme layers of this cross-section

are moving with velocities which differ by i cm. per second.

92. Van der Waal's Equation. We now proceed to a more
exact analytical investigation of the relation between the

pressure and volume of a gas at constant temperature. We
have seen how the researches of Regnault, Amagat, and others

definitely established the fact that Boyle's Equation does not

V3

/
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Hence, instead of the equation
. ,mnu2 mnu2

as obtained on page 86, we should have

mnu?
~

(V-a small correction)

and this small correction is obviously some function of the total

volume of the molecules themselves. It is usually denoted by

b, so that a more correct interpretation of the behaviour of gases

is given by

Further analytical investigation beyond the scope of this

book shows that =4^, where vv represents the sum of the

volumes of all the molecules contained in the volume v.

94. (b) Correction for Inter-Molecular Attractions. If we

have some molecules of a gas in, say, a spherical vessel (Fig. 84),

there will exist attractions

between them, and for a

molecule situated somewhere
near the centre, as at A, the

attractions will be equal in all

directions, the resultant effect

being zero. When however we
deal with a m.olecule very
near to the wall of the vessel,

as at B, the resultant effect,

is no longer zero. This mole-

cule has left most of its neigh-
bours behind, and the resultant

FIG. 84. Correction of Boyle's Law tendency of the attractions

for Inter-Molecular Attraction, upon it of all its neighbouring
molecules is to pull it back.

The molecule therefore strikes the wall with less force than it

otherwise would, and this reduces the pressure on the wall to

a lower value than that of the pressure of the molecules well

within the wall, since these latter strike each other with a some-
what greater momentum than that of molecule B. Boyle's

Equation therefore uses a pressure p which is rather less than

the actual pressure of the gas, and a correction is therefore

necessary.
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Accordingly we now have

(p-\- a small correction)(y &)
= RT.

Now the pull-back on the molecule B is proportional to the

number of molecules in the
"
hemisphere of action

"
of which

it is the centre, i.e., it is proportional to the density. It is also

proportional to the number of blows struck per second, and
this too is proportional to the density.

Combining these two factors, it will be seen that the correction

is proportional to the square of the density, and since the density
is inversely proportional to the volume, the necessary correction

may be expressed by

where a, b, and R are constants.

This very important equation is known as Van der Waal's

Equation, and within certain limits it expresses with sufficient

accuracy the behaviour of gases. It is not, however, perfect,
and many attempts have been made to revise and further correct

it, notably by Clausius. The advantage gained by these further

corrections is, however, very slight.

95. Practical Determination of the Van der Waal's Constants.

Let the coefficient of increase of volume with temperature at

constant pressure be a, so that pv= R(i +ctf), and let p t
and p Q

denote the pressures of a quantity of gas at f C. and o C. respec-

tively. Then from Van der Waal's Equation, we have

at

and po+v-b)^ at o C.

Subtracting, we get

(P t -po}(v-b)
= &t>

Rut
giving pi-p*=

>o
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.

Pt

But ^izA. = incr ase in Prg!!He =af, x ,

/> original pressure

where up denotes the coefficient of increase of pressure with

temperature when the volume is constant.

Hence

whence a =

Now all the quantities on the right-hand side can be experi-

mentally determined, and hence a can he calculated.

96. Determination of b in Van der Waal's Equation. Consider
the case when

Hence pv-bp-\----- = i
v

If v is large, p = -
approximately, since then Boyle's Law is

very nearly correct.

a ab

v

becomes^-_

But when v is very large, ^ is very small in comparison with

a-b
> giving

a-*
pv= i approximately.

Hence if we measure two pressures and the corresponding
two volumes at the same temperature, we get
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,
.

,

which

But we have just shown how b can be determined, and hence

by subtraction a is found.

97. Graphical Representation of Van der Waal's Equation.
It will be noticed that the equation

can be written

av ab

P P. f
and this is a cubic equation in v

}
and in its general solution will

have three values for v to correspond to one of p. This is graphi-

cally shown in Fig. 85, which gives a series of isothermals for

Volume^.
FIG. 85.

successively increasing temperatures T
23
T3 ,

etc. Generally,
for any pressure P there will be corresponding volumes Vj, V2 ,

and V 3 . It will be noticed that when the temperature is very

high, the curve reduces to a Boyle's Law curve, as in T5 . We
postpone the full discussion of these curves for Chapter VII.
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EXAMPLES ON CHAPTER IV

1. State Boyle's Law and Charles' Law, and from these laws
show that PV=RT. What do R and T symbolise ? [H. L.]

2. In PV=RT, express R in foot-pound-second units, given
looo cub. ft. of air at o C. and 14.75 Ibs. per sq. in. weigh 80.7 Ibs.,

and =32.2 ft. per sec. per sec. [L. Inter. Sci.]

3. A sample of a gas was found to have a volume of 100 c.cs. at

18 C., and 72 cms. of mercury pressure, and a volume of 200 c.cs.

at 90 C., and 45 cms. pressure. Assuming the gas obeys Boyle's
Law and expands uniformly at constant pressure, calculate at what

temperature it would have a volume of 400 c.cs. and a pressure
of 100 cms. [L. Inter. Sci.]

4. State exactly what you understand by the absolute zero of

temperature. [W.]
5. State the laws connecting the temperature, pressure, and

volume of a given mass of gas. The density of oxygen at o C.

under a pressure of 760 mms. of mercury is 1.429 grs. per litre.

A certain mass of the gas is enclosed in a cylinder whose volume is

2.5 litres under a pressure of 780 mms. at a temperature of 12 C.

What is the mass of gas in the cylinder? [L. Inter. Sci.]

6. A flask is heated from 15 C. to 100 C. What fraction of the

air which is in the flask at the beginning of the experiment leaves

it during the heating ?

7. Describe the construction of a gas thermometer. What are

the advantages and disadvantages of the gas thermometer compared
with other thermometers? [L. B.Sc. Pass.]

8. Describe a form of air thermometer, and explain what measure-
ments you would make to determine by it the temperature of a
vessel of hot water. Give a brief account of the corrections to be

applied.
Why is it better to define equal degrees of temperature by the

air thermometer than by the mercury - in -
glass thermometer ?

[L. B.Sc. Pass.]

9. Some air is in the space above the mercury in a barometer.
The mercury stands at 29 in. in the tube, the air space above being
4 in. long. The tube is now pushed down into the cistern so that
the space above the mercury is only 2 in. long, and now the mercury
stands at 28 in. At what height would it stand in a perfect
barometer? [L. Inter. Sci.]

10. Draw curves showing the relation between pressure and
volume for a gas (e.g., carbon di-oxide) at various temperatures.
What do you understand by the term "

perfect gas
"

? In what

ways do the common gases show behaviour different from a perfect

gas? [W.]
11. Give a general outline of the Kinetic Theory, and use it to

establish the truth of Boyle's Law.
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12. Find the number of cubic feet in a steel bottle intended to hold
at 1 20 atmospheres pressure when the temperature is 25 C., 20
cubic feet of oxygen under normal conditions. [L. Inter. Sci.]

13. A certain quantity of a gas occupies 200 litres at 120 C., and

750 mms. pressure. What volume will it occupy at a pressure of

5 atmospheres and 1444 C. ? [C. Sp.]

14. What do you know of the behaviour of carbon di-oxide when
subjected to increasing pressure at constant temperature, that

temperature being (a) below 20 C., (b) 30.92 C., (c) above 40 C. ?

Draw pv curves for these three cases. (Note. See also Chapter
VII.) [C. Sp.]

15. Air at atmospheric pressure (32 ft. water barometer) is taken
down to 30 ft. under water, and liberated to form a spherical bubble.
Show that the diameter of this increases approximately by one-
fourth when it reaches the surface.

1 6. A cylindrical diving-bell is 6 ft. high, and its top is 10 ft.

under water. To what height has the water risen in the bell if the

mercury barometer is at 30.5 in.? [M.]

17. Show from the Kinetic Theory why Boyle's Law cannot

correctly represent the behaviour of a gas, and indicate the nature
of the corrections.

1 8. What are the meanings of the terms in Van der Waal's equation

of state f+ (
v ~ b)

=RT ? [L. B.Sc. Pass.]

19. Define the term
"

coefficient of viscosity." Account for the

viscosity of a gas. [L. B.Sc. Pass.]
20. Give an account of the phenomena of diffusion in liquids and

gases, and describe some experiments to illustrate them. How is

diffusion explained theoretically? [L. Inter. Sci.]
21. A closed porous pot filled with air is provided with a

manometer. Describe what are the indications of the manometer
if the pot is suddenly surrounded by and kept in (a) coal gas,

(6) carbonic acid.

Give some explanation on the Kinetic Theory. [L. B.Sc. Pass.]
22. Calculate the mean velocity of the molecules of nitrogen at

a pressure of 1,000,000 dynes per square cm. if one litre of the

gas weighs 1.2 grs. [L. B.Sc. Pass.]

23. Show that the number of molecules per unit volume is the
same for all gases at the same temperature and pressure.

24. Explain the assumptions under which the Kinetic Theory
leads to Boyle's Law. How must they be modified so as to lead to

Van der Waal's Equation ? [C. Tripos I.]

25. Find an approximate expression for the mean free path of

a molecule in a gas, and give a short account of any one phenomenon
depending on the length of the mean free path. [L. B.Sc. Hons.]

26. Describe and explain the deviation of the gas hydrogen from

Boyle's Law at various temperatures. [L. B.Sc. Hons.]
27. Enumerate and discuss briefly the points which require

attention in the absolute measurement of temperature by means
of a gas-thermometer. [L. B.Sc. Hons.]

G
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CHAPTER V
-~-

CHANGE OF STATE SOLID TO LIQUID

98. Change of State. We have seen in the Kinetic Theory
that the chief differences between the three states of matter

arise from the fact that if d is the average diameter of a molecule,
the average distance between neighbouring molecules in solids

is of the order 1.5^ to $d, in liquids it is of the order 2d to 4^,
whilst in gases it is lod to 15^.
We have also seen that when heat is applied to any substance

it expands, i.e., its mean free path increases. Hence, by a steady

application of heat to a solid, it is reasonable to expect that its

molecules in time become sufficiently separated by expansion to

convert it into a liquid, and similarly the liquid will eventually
be converted into a gas. This does in fact take place.

99. Solid to Liquid. If we take a crystalline solid, and increase

its temperature by the application of heat, the rise in tempera-
ture is accompanied by an increase in volume. At a particular

stage in the operation, the body undergoes a physical change of

state, and the crystalline solid begins to be converted into a

liquid, i.e., it begins to melt. As soon as this melting process
has commenced, the supply of heat produces no further increase

in the temperature of the body, and the temperature will remain

constant so long as the body is kept well stirred, and there is still

some of the solid left to be melted.

The heat energy
l which before was being used up in increasing

the temperature, now all goes to convert the solid into the

liquid state.

As soon as the last trace of the solid has disappeared, provided
we continue to supply heat to the liquid, the temperature once

again begins to rise.

The temperature which remains steady on application of heat

is spoken of as the temperature of the melting of the solid, or more

shortly, the melting-point of the solid.

100. Liquid to Solid. If after melting we abstract heat from
1 See Chapter XV.



SOLID TO LIQUID 99

the body, we find that the above process is reversed. The

temperature at first begins to fall, but at a certain stage in the

operation the cooling ceases to be accompanied by a decrease

in temperature. Instead, some of the liquid begins to be con-

verted into a solid, i.e., itfreezes or solidifies, and the temperature

during thefreezing process remains constant so long as the mixture
of liquid and solid is kept well stirred. This temperature is called

the freezing-point of the liquid, and for crystalline substances it

is identical with the melting-point of the solid.

As soon as the last trace of liquid has disappeared, further

cooling again results in a decrease in temperature.
101. Latent Heat. The amount of heat which is supplied to

or abstracted from a substance during the process of a change
of state is spoken of as latent heat. Before the days of Joule,
when the significance of heat as a form of energy was not realised,
it was merely considered that on a substance melting, as the

temperature ceased to rise, the heat disappeared, but reappeared
when the melting was completed, the temperature again going

up. The term latent or hidden heat was then undoubtedly
appropriate, but now that we know that the heat does not

disappear, but merely changes its function from that of raising

temperature to that of changing the state of the body, the name
is no longer appropriate ;

it is nevertheless retained.

The student should be careful to remember that no change of state

is possible without an absorption or an emission of heat. Thus when
a substance melts, heat is absorbed. This heat may or may not
be artificially supplied, as by a bunsen burner

;
if it is not so

supplied, then heat is abstracted from the surroundings, which

accordingly become cooled. We shall meet with several examples
of this when we deal with changes from liquid to vapour in the

next chapter. The converse is also true. When a body freezes,
it gives out heat

;
and only by this abstraction of heat can the

freezing be made to occur. The heat thus abstracted goes to the

surroundings, which are accordingly warmed. This fact has been
utilised during cold weather in vegetable stores. Vegetables"

freeze
"
at a temperature slightly below o C. To prevent them

from thus spoiling, tubs of water are placed among them. The
water freezes at o C., and in so doing evolves heat sufficient to

prevent the room from reaching the temperature at which

vegetables
"
freeze."

Another example of the influence of latent heat is seen in the
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case of supercooling referred to in Chapter III. It will be remem-
bered that, under favourable conditions, it is possible to cool

water to a temperature of 5 C. or 6 C. without freezing.

If this supercooled liquid be suddenly disturbed, as by stirring

with a thermometer, the whole mass at once solidifies, and the

temperature goes up to o C. The reason for the rise in temperature
is that the freezing is accompanied by a liberation of heat, and

it is this heat which produces the rise.

102. Case of Amorphous Substances. When we turn to non-

CRYSTALLINE SUBSTANCES

Time.

FIG. 86. Typical Temperature-Time Curve for Crystalline
Substances : Melting-point at f C.

crystalline substances, we find that there is no definite melting-

point. Instead of a well-defined and abrupt transition from the

solid to the liquid state, there is a softening stage during which

the substance passes through all the gradations of viscosity.

The temperature, too, is not constant, but continually rises or

falls as the case may be, although during the change of state the

change in temperature is very slow indeed. There is, therefore,

not a melting- or freezing-point for amorphous substances, but a

melting or freezing region.

Figs. 86 and 87 show the types of temperature-time curves
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for crystalline and non-crystalline substances respectively.

While the change of state is clearly defined in the former, it is

very vaguely defined in the latter. Examples of amorphous
substances are glass, tar, wax, resin, guttapercha, alcohol,

carbon, etc. The softening stage is taken advantage of in the

case of glass in the making of scientific apparatus, etc.

; IAMORPHOUS SUBSTANCES

Jim e
FIG. 87. Typical Temperature-Time Curve for Amorphous

Substances: Melting Region, /l C. to *, C.

103. Change of State and Volume. The change of the physical
state is generally accompanied by a change in the volume. On
reaching the melting-point, the body suddenly expands much
more than it has been doing. This abnormal expansion continues

throughout the melting process, but afterwards in the liquid
state it again becomes normal.

Ice is an important exception to the general rule. Instead of an

expansion, there is a contraction. When the ice has all been
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converted to a liquid,, the contraction continues at a much slower

rate until 4 C. is reached, after which, as we have already seen,
it begins to expand.

Iron is another exceptional substance in this respect. Wrightson
has found that molten cast-iron expands some six per cent,

on solidifying. His experiment consisted in holding a cast-iron

ball suspended from a spring balance in a bath of the same
metal in a molten condition. The solid ball being heavier (of

density 6.95 before immersion as compared with 6.88 for the

iimijiiiiiiiiiiijiiiiiiijiiiiiiiiiiiitam

I NAPHTHALENE

50 80 100

Temperature
FIG. 88. Typical Curve for Crystalline Substances.

liquid metal), it was completely immersed below the liquid level.

As its temperature went up to the region of melting, it floated on
the surface, indicating a density of 6.5 ;

it was in a very soft

condition, and later suddenly assumed the liquid state.

Only substances which expand on solidifying, or at least which
do not appreciably contract, are suitable for the taking of

castings ;
if a substance contracts it cannot retain the shape of

the mould. This is why, for example, gold and silver coins are

not cast, but stamped. Iron makes a good casting, as does also

of necessity printing-type-metal, usually an alloy of copper,

antimony, and lead.



FIG. 89. Curve for Ice.

1 emperature,
pIG . QO. Typical Curve for Amorphous Substances.
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Figs. 88, 89, and 90 show typical temperature-volume curves

for crystalline substances, ice, and amorphous substances

respectively.

104. Determination of Melting-Points. Method I. Melt a

little of the substance to be tested, and when in the liquid condi-

tion introduce a small quantity into a thin-walled short capillary

tube, and allow this to cool. Now attach

the tube to the bulb of a thermometer T
(Fig. 91) by means of rubber bands, and set

it up in a test-tube as shown in the figure.

Support this test-tube in a beaker of water,
and slowly apply heat. The temperature at

which the substance melts, as indicated by
the transparent appearance it assumes, is

carefully noted, and the flame is then with-

drawn. Let the substance now cool, and note

the temperature atwhich solidification begins.
The mean of the two readings so obtained

gives the required result.

105. Method II. The following is a simple
method affording but a

"
rough and ready

"

determination of the melting-point. Melt a

little of the substance in a shallow vessel,
FIG. 91. Deter- an(j immerse the bulb of a thermometer so

minatianafMelt- that Qn withdrawai a thin film of the sub-

stance clings to it. Note the temperature at

which this film solidifies. Now place the thermometer in a small

beaker of water, apply heat, and note the temperature of

melting. The mean of the two readings is then taken for the

required result.

1 06. Method HI. By Supercooling. This is a much more

accurate method, the theory of which is very simple. Obtain

some pure distilled water in a test-tube containing a thermometer

and surround it with a freezing mixture of ice and salt. Keep the

thermometer very still, and protect the apparatus from draughts
and all possible sources of disturbance. The waiter in the test-

tube will become undercooled to perhaps 5 C. Now suddenly
stir the thermometer ; ice-crystals will form, and at the same

time the thermometer will rise to o C., thus indicating the

freezing-point. The same method can be suitably modified for

other liquids.
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107. Method IV. Bya Temperature-Time Curve. This method

is often used for substances like paraffin-wax. The apparatus

1 COOLING CURVE for PARAFFIN WAX

18 20 22 24

TIME (m.nutes)

26 27

described in Fig. 91 is suitable, the thermometer dipping directly
into the wax contained in the test-tube. The whole is heated to

a temperature well above the melting-point ;

and the apparatus is then allowed to cool, tem-

perature readings being taken every half-minute.

A curve is now plotted from which the melting-

point or region can be ascertained as indicated in

Art. 100.

Fig. 92 shows a curve actually obtained from
an experiment.

1 08. Method V. By Temperature-Expansion
Curve. The accurate determination of the

melting-point of a non-crystalline solid is very
difficult, and the best method for this group of

substances is a dilatometer method. The dila-

tometer (Fig. 93) is fitted with a good ground-
glass hollow stopper leading from which is a

graduated stem. The solid whose melting-point
is required is introduced, and the instrument FIG. 93. Dila-
is then filled with liquid. On inserting the tometer for de-

stopper, the liquid rises in the stem. termination of

Let the volume of the bulb -equal m volume * *

divisions of the stem, and let m1 stem divisions represent
the volume of the substance under test.
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.*. the volume of the liquid up to the zero mark=(w Wj)
divisions.

First immerse the dilatometer in melting ice, and let the

stem reading be n .

.'. the volume of the liquid at o C.=(m-\-nQ m 1).

Now immerse the dilatometer in a bath at f C., and let the

new stem reading be n
t
.

Let /3 t
denote the expansion of unit volume of the liquid from

o C. to f C.

.*. the true volume of the liquid at f C.=(m+nQ m-^(i +fi t).

Also, let y t
be the expansion of unit volume of the solid from

o C. to f C.

/. the true volume of the solid at f C.=m1(i +y$).
/. total volume of liquid + solid at f C.

Finally, let a
t
denote the expansion of unit volume of the glass

from o C. to f C.

The apparent volume at f C. =(m+n t),

'. the true volume=(m+n t)(i-\-a t). (ii)

Equating (i) and (ii),
we have

If a
t
and p t

are known, as they should be for this experiment,
then y t may be calculated. This gives the actual dilatation

of the substance independently of its state, and by repeating the

experiment for various temperatures^ a curve connecting y t

and the temperature may be drawn, from an examination of

which the melting-point may be at once determined.

Fig. 94 shows three such curves for typical substances. It

will be noticed that in the liquid state the rate of increase of

volume is much more rapid than in the solid state for crystalline

bodies. It will also be seen how clearly defined are the melting-

points on these graphs.

109. Melting-Point Values. The following are the melting-

points of the commoner substances in use :

Hydrogen . 257 C. Phosphorus . 43 C.

Mercury . . -39.5 C. Paraffin Wax . 54 C.

Ice . . . o C. Beeswax . . 65 C.

Benzine . 7 C. Naphthalene . 80 C.

Acetic Acid . 16.6 C. Sulphur . . 114 C.

Tallow . . 33 C. Tin . . . 233 C.
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Bismuth
Lead .

Zinc .

Aluminium
Silver .

no.

points

Gold .

Copper
Cast Iron

Platinum
Iridium

1001

1 1 00

1200

1900

i95o
c

C.

C.

C.

266 C.

327 C.

420 C.

657 C.

. 954 C.

Effect of Pressure on Melting-Point. The
of substances are little affected by external conditions.

Pressure changes have some ap-

preciable effect, as will be

obvious if it is remembered that

the melting is usually accom-

panied by an increase in volume.

The effect of an increase of

pressure is of course to resist

the expansion, and therefore to

hinder the melting, thus raising
the temperature of the melting-

point.
In the exceptional case of

ice, and those other substances

which contract on melting, the

application of pressure assists

the melting process, and accord-

ingly increase in pressure de-

creases the melting-point. For

ice the decrease is .0075 C. per

atmosphere increase.

in. Hopkins* Experiments.

Hopkins' apparatus for in-

vestigating the influence of

pressure on the melting-points

FIG. 95- - Hopkins' Experiment
of substances is shown diagram-

on Effect of Pressure on Melt- matically in Fig. 95. A strong

ing-Points. brass cylinder C contains the

solid B under test,and resting on

B is a small magnetised steel ball A. The rest of the cylinder
is filled with oil, and the whole is closed by a stout pressure

screw-cap EF fitted over the top. By means of a small opening
in this cap, the oil is connected with a strong pump and pressure-

gauge P. The whole is supported in an oil bath G, which can

be heated to any desired temperature. H is a small mirror at
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the back of which is a magnetised strip, carefully suspended
at the level of the ball A from a silk fibre. A beam of light is

reflected from this mirror on to a scale. The experiment is first

performed with the cap E off, so that the pressure is atmospheric.
The bath is heated to a temperature near that of the melting-

point,, and then the heat is supplied very slowly and gently,
the position of the reflected beam of light on the scale being

carefully watched. When the melting-point is reached, the

substance B liquefies, and the heavy ball A sinks, thus causing
a sudden deflection of the mirror H. The temperature at which
this deflection occurs is carefully noted.

The sphere A is now lifted up above B by means of a strong

magnet, and the apparatus is cooled until B is once more in

the solid state.

The cap is now screwed down, and pressure is applied from
the pump P to any desired value. The experiment is then

repeated, and the melting-point corresponding to this new

pressure is observed.

In this way a whole series of results may be obtained, and

Hopkins was able to experiment up to 800 atmospheres.
The following are extracts from his results :

Pressure in

Atmospheres.
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block of ice intact as one piece. The explanation is as follows :

When the wire is first placed in position, the top layer of ice XY
is subjected to a pressure due to the weights M. This at once

lowers the melting-point below o C., and as the temperature of

the block is o C.. the top layer at once melts, and the wire

sinks through to the next layer. In so doing, however, the

pressure is released from the layer XY, and consequently it

once more freezes. The second layer is now subjected to a

pressure, and it therefore melts. In this it is assisted by the

latent heat which is given up by the first layer, and which is

conducted down the wire. The wire thus sinks through to the

third layer, which in its turn receives

the pressure and the latent heat from
the second layer, causing it to melt.

The second layer being relieved of its

pressure again freezes, and so on. In

this way the wire is able to cut through
the ice without altering the character

of the block as a single piece.
The success of the experiment

depends largely upon the material of

the wire, for as we shall see in Chapter
XIII., some substances conduct heat

much better than others. Copper wire

works very well indeed, iron cuts more

slowly, whilst catgut is so bad a con-

ductor that the heat does not travel

downwards sufficiently quickly to

assist the melting.
The making of snow-balls is another example of regelation.

On squeezing the snow, the pressure between the crystals com-

prising it causes melting, and the resulting water is forced out.

This relieves the pressure, and the water thus formed refreezes

on the outside, forming a hard binding mass.

The motion of glaciers is also explained by this phenomenon.
The bed of a glacier is both sloping and uneven, and there are

set up in the lower reaches and against jutting rocks pressures
which are sufficient to produce melting. The next portion of

the glacier slips down to take the place of the part thus melted,

whilst the release in pressure from the melted portion causes

it again to freeze. In this way the glacier slowly glides down

M

FIG. 96. Regelation.
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at a rate of anything between two feet and eighty feet per day
until it all melts.

113. The Melting-Points of Mixtures, Eutectic Alloys.

No absolutely general rule exists as to the melting-point of a

mixture as compared with those of its constituents, but generally
the melting-point of the mixture is below that of its constituents.

Percentage. Silver
100 go 80 70 60 so 40 30 20 10

1100

700
10 20 30 4O 50 6O 70

Percentage Copper
FIG. 97. Melting-Points of Silver-Copper Alloys.

In the case of alloys the mixture is of a very definite character,
and the facts are correspondingly more definite. The temperature

of the melting of the alloy is below the lowest of the melting-points

of the constituents. It will be interesting to follow the behaviour
of a silver-copper alloy as a typical example. The curve shown
in Fig. 97 gives the relationship between the melting-point and
the composition.

Suppose we start with an alloy consisting, say ;
of 20% copper

100
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and 80% silver. A reference to the curve shows that its freezing-

point is about 830 C. If we heat it above this temperature, we
obtain it in a liquid condition. If now we let this molten alloy

cool, we find that it does not freeze as an alloy. The silver alone

freezes out, forming silver crystals, and leaving the alloy richer

in copper and correspondingly poorer in silver. It is altered, say,
to a composition of 25% copper and 75% silver, and the freezing-

point is now about 810 C. Continuing the cooling process, we

100
FIG. 98.- -Showing Typical Curve with Two Eutectic

Points at A and B.

find the same thing happens again, more silver crystals freezing

out, causing the percentage of copper again to increase, and the

freezing-point to decrease. A limit in this behaviour is reached,
as will be seen from the curve, at about 740 C, At this tempera-
ture we get a composition of 40% copper and 60% silver, and on
further cooling, instead of silver alone crystallising out, the whole

alloy freezes as one mass. This 40% alloy is spoken of as the

eutectic alloy of silver and copper, and the point P is called a

eutectic point.
Now suppose we start with an alloy of, say, 80% copper and
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20% silver, the temperature being above that of the melting-

point for this composition, i.e., above 950 C. On cooling we
now get only pure copper freezing out, thus altering the composi-
tion and leaving the alloy poorer in copper and richer in silver,

and causing the melting-point to be lowered as shown on the

curve. Further cooling brings us farther down the curve until

finally we reach the eutectic point at 40% copper, and further

cooling again causes the alloy to freeze out as a whole.

The silver-copper alloy is a simple case, and is typical of

many mixtures. Often, however, the curve is much more compli-

cated, showing two or even three eutectic points, but the prin-

ciple is the same throughout. Fig. 98 shows the type of curve

with two eutectic points at A and B.

114. Freezing-Point of Salt Solutions (see also Arts. 146 and

310). When a salt is dissolved in water, thefreezing-point isfound
to be depressed below o C.

}
and this lowering of the freezing-point

increases with the concentration, giving a freezing-point curve

very similar to that for the alloy just described. Hence salt

solutions obey the same laws of cooling as the alloys, i.e., on

cooling, the water freezes out nearly pure, increasing the con-

centration of what is left.

If M =the number of gram equivalents of the solvent per litre,

and x= the number of gram equivalents of the dissolved

substance per litre,

Then the depression of the freezing-point
= 102M̂

Another expression of importance which we shall prove in

Chapter XVII. is as follows :

J-2

Depression of freezing-point
=

.00199 y x
.Li

where T= freezing-point on the absolute scale

and L=latentheat of fusion of the solvent. (See Chap. XI.)
115. Freezing Mixtures. If we place some ice in salt water,

the latter is cooled, i.e., it loses heat. This heat is absorbed by
the ice, some of which therefore melts. By adding more ice, the
reduction in temperature of the salt water may be continued
until its freezing-point is reached. This will be below o C.,
the actual temperature depending upon the concentration of

the salt, and the lowest possible temperature for the freezing-

point obtainable with common salt is 22 C.

H
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A mixture of ice and salt is therefore a useful means of pro-

ducing cold, and is spoken of as a. freezing mixture. The best

proportions are three parts snow or ice-shavings to one part of

common salt.

Another useful freezing mixture may be obtained by pouring

powdered ammonium-nitrate into cold water (half a pound to

a pint). In dissolving in the water, it absorbs heat rapidly, and

a temperature of 15 C. may be produced.
There are many other freezing mixtures. Three parts of

calcium-chloride with two of snow can give a temperature of

55 C. Both liquefy, and in so doing they absorb much more
heat than would be the case if only one were to liquefy ;

hence

the very low temperature attained.

EXAMPLES ON CHAPTER V

1. What do you understand by "latent heat"? Explain the

influence of latent heat in (a) supercooling, (6) regelation.
2. In what way do amorphous substances differ from crystalline

substances with regard to melting and solidifying ?

3. Draw curves showing the relationship between
"
change of

state
" and "

volume." How is this relationship applied to the

determination of the melting-points of substances ?

4. Give an accurate method for finding the melting-point of

naphthalene.
5. How may the phenomenon of supercooling be utilised for the

determination of the melting-point of a substance ?

6. What influence has pressure on the melting-point of sulphur?
Describe experiments which have been performed to show this.

7. What do you understand by the term "
regelation

"
? Explain

the cause of the phenomenon, and state some of its applications.
8. What do you understand by a " eutectic alloy

"
? Draw curves

showing how the melting-point of an alloy is influenced by its

composition.
9. It is desired to alter the composition of a silver-copper alloy

from 20% copper to 30% copper. How may this be done, and why ?

10. How does the presence of a salt in solution affect the freezing-

point of the liquid ? How is this influence utilised ?

11. What do you understand by
"
melting-point

"
? How would

you find the melting-point of butter-fat? If the melting-point of

butter-fat is 31 to 36 C., and that of margarine is 40 to 43 C.,

what would you infer about a specimen of butter-fat which melts

at 39 C. ? [C. B.A. Agric.]
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CHAPTER VI

CHANGE OF STATE LIQUID TO VAPOUR

THE change of state from liquid to vapour may be brought
about in two ways :

1. By the constant application of heat, i.e., by boiling.

2. By slow evaporation.
116. Boiling. If we apply heat continuously to a liquid, we

find that there is a steady rise in temperature which continues

up to a certain point. At this point the application of heat produces
no further rise in temperature, but instead the liquid begins to be

converted into a vapour, i.e., it begins to boil; all the heat energy
is being utilised in the process of the change of state, and so long
as there is liquid left and it is kept well stirred, the temperature
remains constant. This constant temperature is spoken of as the

boiling-point. The process of boiling is very interesting. As the

temperature rises, bubbles are seen to form at the bottom of the

liquid. These are probably of gases which had been dissolved in the

liquid, and which become expelled as a result of the heating. They
collect in the microscopic irregularities of the containing vessel,
which act as nuclei for the formation of the bubbles. As these

bubbles grow they become more buoyant, and soon they detach

themselves and move upwards with the convection currents,

diminishing in size as they rise, and perhaps collapsing with a

slight clattering noise. Soon the temperature at the bottom of

the liquid is at the boiling-point, and now the bubbles are almost

entirely of vapour. Whenever there is an irregularity on the

inside surface of contact of the containing vessel, we get a point
from which rises a constant stream of bubbles. This is due to

the fact that a bubble requires a nucleus of some kind about
which to form

;
no bubbles start in the body of the liquid itself

unless there is a speck of dust or of some undissolved substance

floating about in it
;
the effects of a few specks of sugar dropped

into hot water are familiar to everybody.
This stream of bubbles is now big enough to penetrate to the

surface and the clattering noise is softened into a
"
singing.

'
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The latent heat which before was imparted to the liquid by the

bursting of the bubbles below the surface, and which therefore

helped to raise the temperature, is no longer available for this

purpose, since the heat is given off to the air, and the boiling of

the liquid therefore takes place at constant temperature.

117. Overheating. In process of time, irregularities on the

glass surfaces of containing vessels become smoothed down, and
the bubbles are unable to form for want of the necessary nuclei.

When this is so, it is possible to heat the liquid several degrees
above the normal temperature of boiling without vaporisation

taking place. In the case of water, the temperature will often

go up to 105 C. or even 110 C., until eventually a row of bubbles

suddenly form and burst with some violence, causing a
"
bump-

ing," and the temperature again drops to 100 C. When there is a

tendency to bumping, a little

sand or any rough material

placed in the vessel at once

supplies the necessary nuclei for

bubbles, and the boiling once

more proceeds normally. An
ideal smooth

"
containing

vessel
"

may be obtained by
surrounding a globule of the

liquid by another liquid. Dufour
introduced globules of water in

a mixture of oils of suitable

density and boiling-point, and
was able to attain a temperature
of 180 C. without the water

boiling.
118. The Pressure of Vapour

FIG. 99. To show that Vapour at the Boiling-Point. What is

Pressure at Boiling-Point is the pressure exerted by a vapour
Atmospheric.

giyen off by ft Hquid ^ boiling?
A simple experiment will show this. AB (Fig. 9Qa) is a bent tube

closed at B and open at A. Some alcohol (whose boiling-point
is well below that of water) is introduced to fill the part BC, and
is

"
trapped

"
by the mercury column CD, just reaching round

the bend. The tube is immersed in a bath of water as shown in

Fig. 99, the end A being well above the surface, so that the

pressure on the mercury at D is atmospheric. The water is
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now gradually heated, and the alcohol soon begins to evaporate,

forcing the mercury level C down and therefore D up. Finally,
when the boiling-point of the liquid is reached, it will be seen

that the levels C and D are the same, showing that the pressure
exerted by the vapour coming from the boiling liquid is equal to

FIG. 100. Superheated Steam.

that of the atmosphere. This is true for all liquids. To repeat
the experiment for water, we should surround the tube AB with

steam, using an apparatus similar in principle to that of Fig. 14,
but made of glass.

119. Vapour to Liquid. Condensation. We have seen that

during the process of boiling the temperature is constant. If

instead of letting the steam escape we direct it as in Fig. 100 by
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means of a copper delivery tube through a wider hard-glass or

copper tube B open to the atmosphere at D, then a bar-burner C

applied to the steam as it passes through B will raise its tempera-
ture considerably above 100 C., as indicated by the thermometer

FIG. 101. Distillation or Condensation.

T2 inserted in the
"
pocket

"
E. The pressure of this super-

heated steam is still atmospheric, so that the thermometer T
l

continues to read 100 C.

If now we take this superheated steam and cool it, i.e., extract

heat from it, we find that its temperature continually falls until

a point is reached when the vapour begins to be converted into
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the liquid state. Throughout this process of liquefaction the

temperature remains constant, and only when the process is

completed will a further extraction of heat produce a further fall

in temperature.
We speak of the vapour as being condensed into the liquid

state, and the process is referred to as condensation. A simple
form of condenser is shown in Fig. 101. The water is boiled in

the flask A, and the steam passes out through the delivery tube

BC. This tube is surrounded by a cold-water jacket DD fitted

with inlet and outlet tubes as shown, so that a steady circulation

of cold water is maintained. The effect of this circulation is to

extract heat from the steam as it passes along BC ;
the vapour

condenses and is collected in a vessel E. This is the method used

for the purification or distillation of water. The vessel A, some-

times spoken of as the still, contains ordinary water. This water

holds in solution many salts and other impurities which in the

process of boiling are left behind, and only the condensed steam

is collected in E. The "
hardness

"
of tap-water is due to the

impurities it contains
; pure water is very

"
soft." This process

of distillation is used on steamships for the supply of fresh water

to the boilers ;
the salt left behind in the still is of course

periodically removed.
It frequently happens that the substance in the still is a

mixture of different liquids having different boiling-points.
Distillation affords a simple means of separating them, for the

constituent having the lowest boiling-point will be distilled off

first, and then the boiling-point of another constituent will be

reached, so that it too will now evaporate and be condensed and
collected in its turn, and so on. Crude petroleum is such a

mixture of substances, containing in increasing order of boiling-

points the lighter oils (naphtha and illuminating oils), the heavier

oils (used for lubrication), paraffin wax, and vaseline. Coal-tar is

another interesting example. It is a black viscous fluid obtained

as a by-product in the manufacture of coal-gas. Its constituents

in ascending order of boiling-points are the coal-tar naphtha
series (benzene 80 C., toluene 110 C., xylene 140 C., etc.),

carbolic oil (phenol, naphthalene, etc.), creosote oil, anthracene

oil, etc., leaving a residue of pitch in the still.

120. Various Boiling-Points. The following is a list of the

boiling-points of some of the commoner liquids at atmospheric

pressure :
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Ether
Carbon bisulphide
Chloroform

Ethyl alcohol

Benzene
Water
Toluene .

Amyl alcohol

34-5 C.
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and a manometer M. At the extremity of the three-way tube is

a stop-cock S which can regulate the opening to the atmosphere.
Boil the water in A, keeping the stop-cock open, so that the

pressure is atmospheric ;
read the thermometer T. Now impede

the escape of the steam by partially closing the stop-cock ;
the

_TS

.

r~M=gfc

FIG. 103. Influence of Pressure on Boiling-Point.

steam pressure increases, and forces the mercury in the left-

hand limb of the manometer down. Read the difference in levels

h and the thermometer T
;

this will have to be done quickly, as

the mercury will be found to be very unsteady. Close the stop-
cock S further, and repeat. Obtain thus a series of values.

A much more satisfactory piece of apparatus is shown in

Fig. 104. The liquid to be experimented upon is contained in a
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flask F, communicating by means of tubing as shown with an
air reservoir A, a pump P, and a manometer M. The pressure
is not varied by accumulating vapour, as in the last experiment,
but by pumping air into or out of the reservoir A as desired.

The presence of the reservoir A serves to steady the pressure,
which is read by means of the manometer. Excessive accumula-

tion of vapour is prevented by means of the condenser C. It

will be seen that with this apparatus the effects of both increase

and decrease of pressure may be investigated.
The following table shows the influence of pressure on the

boiling-point of water:

Press, (cms. of Hg.).
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affecting the manometer by means of the condenser F as in the

case of the last experiment.

P
(

<F&*
I:

To Pump

FIG. 104. Apparatus for determining Boiling-Point of a Liquid at
different Pressures.

To Pump

FIG. 105. Pressure Thermostat.

123. Boiling-Points of Solutions (see also Art. 147). If we
introduce a salt solution into a flask provided with an outlet

tube A, as in Fig. 106, and insert a thermometer so that its bulb
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is below the level of the liquid, we find that the boiling-point of

the solution is greater than 100 C., i.e., the effect of the solution

is to raise the boiling-point. By carrying out the experiment for

different concentrations of salt, it will be found that the rise of

the boiling-point is roughly proportional to the amount of salt

dissolved.

The following table shows the concentration of common salt

necessary for degree Centigrade rises in the boiling-point :

Boiling-Point of Water.
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to the second ;
we shall consider it in detail in the next

chapter. Slow evaporation is a phenomenon which differs from

boiling in two important respects ; firstly, it goes on at all

temperatures, and secondly it goes on only at the surface of the

liquid. Boiling on the other hand occurs only at a specified

temperature, and goes on throughout the body of the liquid.
The properties of the vapour produced are however the same
in both cases.

If we leave a little water or any other liquid in a small shallow

vessel (Fig. 107), we find that it gradually

disappears. Those of the surface molecules

which are at any instant moving in an upward
direction with a sufficient velocity will leave

Evaporation
the liquid, and as this is constantly occurring,
the dish in time becomes quite dry. We speak of this as

evaporation.
126. Loss of Heat on Evaporation. As in the case of the

conversion of solids to liquids, no liquid can become vaporised
without heat being supplied to it. This heat does not increase

the temperature of the substance, since it is all being utilised

in the process of the change of state. We speak of this heat as

the latent heat of vaporisation, to distinguish it from the latent

heat of fusion -which is necessary for the conversion of a solid to

a liquid.
The former quantity is considerably greater than the latter ;

in the case of water, for example, the latent heat of vaporisation
is nearly seven times as great as the latent heat of fusion.

(See Chapter XI.)

When, therefore, it is desired to convert a liquid into a

vapour, if we do not supply the heat artificially, the change of

state is only rendered possible by the absorption of heat from
the surroundings, which are therefore cooled. There are many
examples of this cooling produced by evaporation. The follow-

ing well-known experiment illustrates it very well. Take a flat

piece of wood and pour some water on it to form a little pool. On
this place a beaker containing some ether. Dip a glass tube into

the ether, and bubble air rapidly through the liquid. Ether is

very volatile, and rapid evaporation takes place. The heat

which must be absorbed for this evaporation comes from the

surroundings, i.e., it is extracted from the film of water between
the wood and the beaker. The effect of this extraction of heat
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from the water is to freeze it, and it soon becomes possible to

lift the beaker, ice, and wood as one mass.

127. Refrigerators. Referring to Art. 124, it will be

seen that the easiest gases to liquefy are those having high
critical temperatures. Such gases are ethylene, nitrous oxide,

carbon-dioxide, ammonia gas, sulphur dioxide, etc., having
critical temperatures of 9 C., 37 C., 31 C., 131 C, and 155 C.

respectively. In refrigerators and ice machines, therefore,

these substances are frequently used. The general method is

to pump the substance in liquid form into a coil surrounded by
brine, and there to allow it to evaporate. The heat necessary
for this evaporation is extracted from the surrounding brine,

.which is therefore chilled. The cold brine is at a temperature
of perhaps 10 C., and if it is desired to produce ice, as in a

freezing machine, the brine is made to circulate about the cans

containing the water to be frozen
;

or a cold storage room is

maintained at a low temperature by a circulating system of pipes.

It should be noticed that the ammonia or other substance used

is returned after being evaporated to a condenser, where it is

again liquefied and further utilised.

128. Sublimation. There is yet a third change of state to

which a reference should be made that from a solid to a vapour

direct, without the intermediate liquid state. It is well known
that camphor, for example, slowly evaporates away at the

temperature of the atmosphere. We are conscious of this

evaporation in the smells of the bodies in question. The
converse is also true the vapours on cooling pass into the

solid stage without first liquefying. This process is spoken
of as sublimation; "flowers of sulphur" is produced in this

way from sulphur vapour. We shall refer further to this in

Chapter VIII.

EXAMPLES ON CHAPTER VI

1 . Trace in detail the behaviour of ice which from a temperature
of 5 C. is steadily heated to a temperature of 110 C.

2. Describe carefully the process of boiling. In what way does
the nature of the containing vessel contribute to this phenomenon ?

3. What is the cause of the
"
bumping

" which sometimes occurs

in boiling ? How can it be remedied ?

4. What do you understand by superheated steam ? How can it

be produced at atmospheric pressure ?
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5. How could you show experimentally that the pressure exerted

by the vapour coming from a boiling liquid is equal to that of the

atmosphere ?

6. How may absolutely pure water be obtained from an impure
sample ?

7. Give an account of some of the industrial applications of the

principles of distillation.

8. Give details of the method you would employ for the deter-

mination of the boiling-point of an inflammable liquid such as

benzene. [C. S. Loc.]

9. Distinguish ebullition from evaporation. Why is it that at

high altitudes water boils at a lower temperature than at the sea-

level? [C. B.A. II.]

10. Why is it necessary when fixing the boiling-point of a mercury
thermometer to know the height of the barometer? Explain how,
with the aid of a thermometer, it would be possible to estimate the

height of a mountain. [Army.]
1 1 . What is the effect of pressure on the boiling-points and melt-

ing-points of substances? Describe experiments to illustrate your
answer. [M.]

12. Give an accurate method for determining experimentally the
influence of pressure changes on the boiling-point of a liquid.

13. How can the influence of pressure on the boiling-points of

liquids be applied to the maintaining of a constant temperature ?

14. How would you determine experimentally the influence of

the concentration of a salt in solution on the boiling-point? Would
you expect sea water and river water to boil at the same temperature?

15. What do you understand by the term "
latent heat of vapor-

isation
"

? Describe and explain some simple experiment to

illustrate the cooling effect produced by evaporation.
1 6. Explain the principle of refrigerating machines.

17. What change of state do you know of in addition to melting
and boiling? What evidences are there of the existence of this

third change of state ?

1 8. What is meant by the latent heat of vaporisation of water?
" A Scotch shepherd, if his plaid is partly wet through and he is

out at night, turns his plaid with the wet side in." Explain why
this proceeding is a safeguard against chills, and describe any one

experiment to illustrate your answer. [Army.]
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CHAPTER VII

PROPERTIES OF VAPOURS

129. Saturated and Unsaturated Vapours. If we take a

simple barometer tube AB, Fig. 108, and fill it with mercury,
and in the usual way invert it and place the end B under the

mercury-level of the reservoir C, we get a column DB resulting,
which balances the air-pressure. Above D we get what is

practically a vacuum. Suppose we now take a

pipette E with a bent extremity, and by its

means we introduce a very small quantity of

some liquid. Being much lighter than the

mercury, it is at once forced to the top as a

thin film over D, and here it immediately

evaporates.

Why is this ? The explanation is very simply
furnished by the kinetic theory. The molecules

of the liquid are in haphazard motion, and
those directed upwards encounter no resist-

ance. They accordingly leave the liquid and
move about in the space above, presently to be

joined by other molecules, until in a very short

time no liquid is left
;

it has all been converted

and the molecules behave exactlv as do those of

FIG. 108.

into vapour,
a gas.
Now suppose we introduce a further small quantity of the

liquid above the mercury column by means of the bent pipette.
The same thing happens ; very quickly the whole of the liquid

becomes vaporised, the molecules occupying the space AD.
We have direct evidence that this is so, for if we place another

barometer-tube side by side with it, and compare the barometric

heights in the two cases, we find that the level of D has been

depressed by a small amount h due to the pressure of the

vapour produced by the
"
molecular bombardment " on D.

If we go on introducing very small quantities of the liquid by
means of the pipette, we soon find that a limit is reached such
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that no more liquid becomes vaporised ;
instead it remains

as a thin film above D. When this stage is reached, we say that

the vapour above it is saturated; before this limit is reached

the vapour is spoken of as being unsaturated.

130. Explanation of Saturation by the Kinetic Theory. To
understand the cause of saturation, it must be remembered
that haphazard motion obtains both in liquids and in gases.
When a film of liquid is introduced above D, not only do some
of its molecules tend to move up out of the liquid into the

vapour already above it, but there are also molecules of the

vapour above moving directly downwards into the film of liquid
itself. Hence something in the nature of an exchange of

molecules is going on. In the early stages, however, when

very little liquid has been introduced above D, the number of

molecules moving up from the liquid is much greater than the

number of vapour molecules moving down into it, so that the

result as a whole is evaporation. As more and more vapour is

produced, however, the tendency for molecules to move down-
wards increases, and eventually a stage is reached when there

are as many molecules moving down into the liquid as there

are moving up from it, the nett result being that no more

vapour is produced ;
the amount above D has reached its

maximum value.

131. Vapour Pressure. We have seen that the presence of the

vapour is demonstrated by the pressure it exerts upon the surface

D of the mercury (Fig. 108). As more and more unsaturated

vapour is produced, its density increases, and hence its pressure
also increases, until when the stage of saturation is arrived at,
the vapour density, and hence the vapour pressure, attains its

maximum value. This is spoken of as the saturation pressure.,
or the saturated vapour pressure. It is measured by the

difference in levels h in Fig. 108.

132. Influence of Air on Evaporation. We have so far

considered the phenomena of saturated and unsaturated vapours
with regard to confined spaces, as in the space AD. But such
limitations are quite unnecessary. We saw in Art. 125 that
if a liquid is left in a shallow dish exposed to the air, it slowly
evaporates until the dish is quite dry. The process by which
the liquid molecules are converted into the form of an unsaturated

vapour is identical with that just described as taking place in

the vacuum AD.
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It may be thought that the presence of the atmosphere
should modify the process. It does so, however, only in the

sense that the rate of evaporation is much slower in air than in

a vacuum. Ultimately exactly the same amount of liquid will

evaporate into a space filled with air as would evaporate in the

same space as a vacuum. The retarding influence of air on

evaporation follows at once from the fact that in moving up
from the liquid surface, the vapour molecules constantly collide

with air molecules which in a vacuum are absent. Their

movements are thus hampered, and the final condition of equi-
librium of water and vapour molecules, i.e., the state of satura-

tion, is arrived at much later than would otherwise be the case.

This retarding influence of the atmosphere on evaporation
is very beneficial to us. It should be remembered that by far

the larger portion of the earth's surface is water. Evaporation
is continually going on, and if it were not for the atmosphere,
a perpetual condition of saturation would result, and such things
as dry clothing would be impossible under normal conditions.

Owing to the air, however, a state of saturation exists only
under certain occasional conditions which we shall study later

(Chapter IX.). Normally the atmosphere contains only un-

saturated vapour.

133. Properties of Unsaturated Vapours. Vapours are by
their nature so very much akin to gases, that we are obviously
led to an investigation as to how far they obey the Gas Laws.

We will first deal with unsaturated vapours.
To test Boyle's Law for unsaturated vapours, the apparatus

described in Fig. 108 is sufficient if we substitute for the reservoir

C one much deeper. Beginning with the mercury levels equal,
we introduce a very, small quantity of liquid above D, so that

it all immediately evaporates. The levels are no longer equal,
the difference h giving us the pressure exerted by the un-

saturated vapour filling the space AD. There is also of course

a very little mercury vapour over both columns, but at the

temperature at which the observations are taken its effect may
safely be neglected.
Now push the tubes lower down into the reservoir. Since

the column BD plus the vapour pressure has still to balance

the atmospheric pressure, the tendency is for the mercury to

rise and to compress the vapour into a smaller volume. This

will be found to affect the value of h. If the pressures and
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volumes of the vapour are thus noted under varying conditions,
it will be found that their

product is constant. Boyle's
Law is therefore obeyed by
unsaturated vapours.
We have now to test the

vapour for Charles' Law. To
do this we surround the

vapours with a water-bath as

shown in Fig. 109.
The front of the bath is

glazed so that the levels of

the mercury in the two tubes

may be accurately read by a

cathetometer. A spirit lamp
or bunsen burner raises the

temperature of the water to

any desired amount, whilst a

stirrer is employed to keep it

uniform throughout. The ex-

periment consists in noting
the variations of volume with

temperature, and as a result

we find that Charles' Law
holdsfor unsaturated vapours.
We see therefore that in

nearly every respect unsatu-

rated vapours behave as

gases, and for purposes of

calculation the Gas Laws may
always be applied to them.

134. Density of Unsaturated

Vapours. The density of an
unsaturated vapour is a deter-

mination of some import-
ance. There are several

methods for finding this, but

the following, due to Victor FlG I09._Apparatus for Vapour-
Meyer, is the readiest for

pressures at varying Temperatures,
bodies which vaporise at tem-

peratures below about 350 C. The principle is very simple. A
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known weight of the vapour is made to displace its own
volume of air, and the displaced air is expelled and collected

over water in a graduated tube. The apparatus is illus-

trated in Fig. no. Leading from a long cylindrical bulb A
is a tube AB terminating in a ground-glass stopper C, initially

removed. A side-tube BD leads from B into a pneumatic trough
E filled with water, and con-

taining a
"
beehive

"
shelf

which is to receive the in-

verted graduated cylinder F,
also filled with water. Sur-

rounding the bulb A is a bath

G containing any liquid which

will boil at a temperature

sufficiently high rapidly to

vaporise the substance to be

tested. When temperatures
below 100 C. are sufficient, as

with ether, water is quite
suitable in the bath. For

higher temperatures between
1 00 and 200, methyl sali-

cylate is suitable. An outlet

H provides exit for the vapour
of the liquid used in the

bath.

A very small stoppered
bottle is weighed empty, and
then filled with the liquid

FIG. no. Density of Unsaturated whose vapour density is re-

Vapour. Victor Meyer's Method, quired, and weighed again.
While this is being done, the

liquid in the bath G is boiled, and when the conditions are

steady, the graduated cylinder F is filled with water and placed
in position over the beehive shelf in E. The stoppered bottle

is then dropped down the tube into the bulb A, and the

opening C is closed. The bottle is prevented from breaking

by means of a
"
cushion

"
of asbestos or glass-wool placed at

the bottom of A. The liquid in the bottle quickly vaporises,
the stopper being forced out. The vapour emerges into the

bulb A, and of course displaces its own volume of air
;
which
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is forced through the side-tube BD and into the cylinder F
;

where it displaces its own volume of water.

If V = the volume of air thus collected,

and f C.=the temperature of the water in the trough,
and P = the barometric pressure,

and /z=the height of the water in the graduated cylinder F
above that of the trough,

then P is balanced by the column h +pressure of air in F
-fpressure of water vapour in F.

The column of mercury equivalent to the column h of water

Let p = the vapour pressure of the water in F at f C.

.. _
I3-56

where P x
= the pressure of the air in F at f C.

when the temperature is f C. and the volume is V c.cs.

We want the volume of the gas at o C. and 760 mms. pressure.

Applying the Gas Equation, we have__
2/3 (273+0

whenceV=_- L

Finally, if W= weight of the substance used, we have vapour

density=.
v o

135. Relation between Pressure and Volume for Saturated

Vapours. If we repeat the test for Boyle's Law described in

Art. 133, using a saturated instead of an unsaturated vapour, we
find that as the tube AB (Fig. 108) is lifted up and down in the

reservoir in different positions, thereby subjecting the vapour
to different volumes, the pressure remains unaltered. The

pressure of a saturated^vapour is therefore independent of its

volume.
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This is fully in accord with the Kinetic Theory, for it will be

remembered that the presence of saturated vapour implies a

condition of kinetic equilibrium between the molecules of the

liquid and those of the vapour ;

as many molecules are leaving
the liquid as are entering it

from the vapour. If we
diminish the volume of the

vapour, we increase the bom-
bardment of the surface of the

liquid, so that more molecules

leave the vapour to form the

liquid than leave the liquid to

form the vapour. Hence in-

stead of the diminution in

volume producing an increase

in pressure, as would be the case

if Boyle's Law were obeyed,
it produces a condensation of

some of the vapour until the

pressure is reduced to the nor-

mal amount, and kinetic equi-
librium between the molecules

is once more established.

The converse happens if we
increase the volume. In this

case more molecules leave the

liquid than enter it, so that

evaporation is produced until

the pressure attains the normal

value, and kinetic equilibrium
between liquid and vapour is

again restored.

136. Relation between Pres-

sure and Temperature for Satur-

ated Vapours. To determine

FicTi 1 1.-Gay-Lussac'sApparatus
the vapour pressures of satur-

for Vapour Pressures below o C. ated vapours at different tem-

peratures, different forms of

apparatus are necessary according to the range of temperatures
involved. For ordinary temperatures between o C. and 50 C.,
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the apparatus shown in Fig. 109 answers quite well. For tem-

peratures below o C., Gay-Lussac used two barometer tubes

both dipping into the same reservoir, but the upper extremity
of that containing the vapour was bent and terminated in a

bulb which was immersed in a freezing mixture (Fig. in).
For high temperatures we make use of the fact proved in the

last chapter (Art. 118) that the pressure exerted by the vapour

coming from a boiling liquid is equal to that of the atmosphere.
If then we can arrange for the liquid under test to vaporise by

subjecting it to the temperature of its boiling-point, the vapour

pressure required is the pressure at which this boiling takes

place. Further, by varying this pressure artificially we are

able to alter the boiling-point, and so obtain a range of values.

The apparatus is illustrated in Fig. 112, and is due to Ramsay
and Young. The atmosphere in which the liquid is to be

vaporised is contained in a strong boiling-tube B. Its pressure
is varied and read by means of a pump P and manometer M
identical with that described in Art. 121 (see Fig. 104), an air

reservoir L being again used to steady the pressure. A strong
rubber stopper closes the tube B, and passing through two holes

in it are a thermometer T and a thistle funnel F provided with

a stop-cock. The thermometer bulb is surrounded with cotton-

wool, and the extremity of F is drawn out and bent so as to

allow the liquid to drip on to the bulb when required. Sur-

rounding B is an oil bath A which can be heated to any desired

temperature.
The procedure is as follows. By means of the pump P, the

pressure is adjusted to some convenient value. The bath A is

then heated to a temperature in excess of that at which the

liquid in F would boil at the given pressure, and the stop-cock
in F is then gently opened. The liquid drips on to the ther-

mometer bulb, over which it becomes uniformly distributed in

consequence ofthe cotton-wool surrounding it, and it immediately

evaporates. Its pressure is communicated to the manometer M,
and when this is steady, readings are taken of both thermometer
and manometer. The pump is then used to create a different

pressure, and the experiment is repeated. In this way a wide

range of pressure-temperature changes may be traced.

To prevent wastage and error, a vessel E surrounded by ice

is interposed between B and M to condense the vapour as it

passes down beyond CD.
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137. Results for Pressure-Temperature Changes for Saturated

Vapours. It is found that for saturated vapours the following
relation exists between the pressure and temperature :

where T= absolute temperature, p= pressure, and n, a, and b are

constants which vary from vapour to vapour.
This expression is known as Bertram's Formula. If we plot

800

o 1O OO 1OO \\O3O 4O 5O DO 7O SO
TEMPERATURE CENTIGRADE

FIG. 113. Curve showing Relation between Pressure and

Temperature of Saturated Vapours.

a graph connecting the maximum vapour pressures with

temperatures, we get a curve of the type shown in Fig. 113
concave upwards. The importance of the shape of this curve

will be shown in Chapter IX., when we deal with hygrometry.
The figure shows curves for both alcohol and water. It will be

noticed that even at o C. there is quite an appreciable vapour

pressure, and that the pressure rapidly increases with tempera-
ture until at the temperature of the boiling-point the pressure
is atmospheric. This it will be remembered was experimentally

proved in Art. 118.
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It follows as an immediate consequence of this that if we have

two liquids A and B such that A boils at a higher temperature
than B, then at any given temperature the saturated vapour

pressure of A will be less than that of B. Mercury, which boils

at 357 C., accordingly has a very small vapour pressure at

normal temperatures.
The significance of the temperature-pressure curve as the line

of kinetic equilibrium between the molecules of liquid and

vapour should not be lost sight of. If, for example, we consider

water at 60 C., the

maximum vapour

pressure is approxi-

mately 150
^ mms.

Hence if we start at

a pressure below this,

only a liquid state is

possible, so that if

any vapour is above

the liquid, many more
molecules enter the

liquid than leave it,

or in other words, the

nett result is conden-

sation of the vapour.
When we reach P,

Temperature

FIG. 114.

however, equilibrium
is established between
the molecules, and

both vapour and liquid can exist in each other's presence.

Finally, if we increase the pressure above 150 mms., we find

more molecules leaving the liquid than entering it, so that

the nett result is evaporation. Hence the curve shows the

line of equilibrium of liquid and vapour together ;
to the right

of it only the liquid state is possible, while to the left of it only
the vapour state is possible (Fig. 1 14).

138. Pressure-Volume Curves for Liquid and their Vapours.

In Art. 136 we described a piece of apparatus (Fig. 112) for the

determination of the vapour pressures of liquids at high tempera-
tures. This is a laboratory form of the apparatus devised by

Ramsay and Young with the object of investigating the relation

between the pressures and volumes of liquids and their vapours



PROPERTIES OF VAPOURS 139

to pump

Outlet for

condensing

Upper extremity
of Condenser

Condenser

at constant temperatures. In the original form of the apparatus,
shown diagrammatically in Fig. 115, instead of the liquid-vapour

being made to form round the bulb of a thermometer, it was
enclosed in a graduated tube BC by a column of mercury. The

temperature was maintained constant by means of a jacket
of steam obtained from the liquid G. The temperature at

which the liquid boils was

regulated by means of

a pump communicating
with the jacket through
the tube A, so that ex-

periments could be car-

ried out over a wide

range of constant tem-

peratures. A condenser

surrounding the tube A
prevented wastage of the

liquid G, the vapour being
condensed and run back
to the flask.

The experiment con-

sisted in subjecting the

liquid-vapourto a suitable

pressure by adjusting the

screw-piston, and reading
off the corresponding
volume recorded by the

graduations on BC. The

pressure was read by a

mercury column D work-

ing under an atmosphere
of gas.

By this means a series

of isothermals (i.e., pres-
sure-volume lines of equal temperature) could be drawn up. The
results are shown in Fig. 116. Confining our attention for the

moment to the f C. isothermal, it will be noticed that at low

pressures the vapour is unsaturated and behaves very much like

the gases ;
the curve in this region closely resembles the

Boyle's Law curve (pv=K).
As the volume diminishes, however, we reach a point B at

D

FIG. 115. Ramsay and Young's
Apparatus.



FIG. 1 1 6. Isothermals for Liquids and their Vapours.
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which the vapour becomes saturated, i.e., instead of a diminu-

tion in volume causing an increase in pressure, condensation

takes place, and the graph assumes the horizontal straight line

BA. Finally, at A, all the vapour has condensed into liquid,
and very small diminutions in volume are accompanied by huge
increases in pressure ;

the curve therefore now rises very

abruptly.
It follows that the straight line AB marks the period during

which liquid and vapour are able to exist in the presence of each

other in a state of equilibrium, and assuming that we are dealing
with one gram of the substance, the length of the line AB
measures the difference between the specific volumes of the

liquid and the saturated vapour.

139. The Critical Point. Now suppose the temperature is

raised. The results are expressed by successive isothermals as

shown in the figure, and it will be noticed that as the temperature
increases, the length of the line of equilibrium between liquid
and vapour steadily diminishes, so that the specific volumes,

and therefore the densities
(specific

volume= 3 -\ of the

liquid and saturated vapour become more and more alike as

we get to higher temperatures and pressures. Eventually an
isothermal is reached such that the line AB has dwindled to

two coincident points C at which the densities of liquid and

vapour are identical
;
at this point they mix very freely together.

If we join up the boundaries of all the horizontal lines AB we

get an Area of Saturation outside which it is impossible for liquid
and vapour to exist together in a state of equilibrium. Now
all isothermals of a higher temperature than that of the point
C lie entirely outside this area, so that no matter how much they

may be compressed, the saturation-point can never be reached
;

the substance must always remain in the gaseous condition.

Ultimately the isothermals become almost perfect rectangular

hyperbolae, showing that Boyle's Law is very closely obeyed.
The point C is known as the Critical Point, and the tempera-

ture of the isothermal which passes through it is called the

Critical Temperature. It is the highest possible temperature at

which a liquid condition is possible; above it the substance can

only exist as a gas.

The pressure and volume corresponding to the point C are

called the Critical Pressure and the Critical Volume respectively.
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FIG 117

140. Determination of the Critical Constants. Critical Tem-

perature. This may be determined experimentally by introduc-

ing some of the liquid into a small glass tube of about 5 mms.
diameter and from 4 to 6 cms. long; the walls of

A the tube should be from 0.75 to i mm. thick, to

give it the necessary strength.
The liquid is heated to its normal boiling-point,

and the end is sealed off so that the tube contains

only the liquid and its vapour, the former occupy-

ing about two-thirds of the volume.

The tube is then placed in a bath of paraffin or

some other well-protected heating chamber, and
heat is steadily applied until the critical tempera-
ture *s approached. At this stage the meniscus

loses its sharpness ;
it becomes ill-defined and faint.

The temperature is now raised very gradually, and the meniscus

flickers away completely in a peculiar iridescent wreathy
mist. A further slight rise in temperature shows nothing but

clear gas completely filling the

tube.

On allowing the tube to cool,

the above observations are re-

versed, the appearance of the

meniscus being heralded by the

misty flashes at the critical

point.
Critical Pressure. To de-

termine the critical pressure,
Altschul of Leipsic used the

apparatus shown in Fig. 118.

The liquid to be tested was

placed in the upper part of a

strong glass tube FE about 40
cms. long and i to 2 mms. in-

ternal diameter. This tube was
<-nected by meai

?
of a m

1
al -

Pressure. 11C junction-piece P to a cylin-
drical reservoir A containing

paraffin oil, the liquid under test being separated from the

oil by a column of mercury about 10 cms. long. By means
of the screw B, the pressure of the paraffin on the liquid
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could be varied as required ;
it was indicated by the pressure-

gauge G.

To carry out the experiment, the pressure was first adjusted
to a little less than the expected critical pressure, and a wide

glass tube H was slipped over the tube EF. Heat was then

gently applied to H by means of a bunsen flame, so that after

a time the liquid began to vaporise, liquid and vapour being

separated from each other by a meniscus. The heating was
so arranged that while the upper part F of the tube was above

the critical temperature, the part E was below it, so that there

FIG. 119.

was always some intermediate portion of the tube at the critical

temperature.
The screw B was now turned so as gradually to raise the

pressure, and the surface separation of liquid and vapour began
to move down the tube such that when the critical pressure was
attained the liquid surface reached the point along the tube
which was at the critical temperature ;

this was recognised by
the fact that as a result of the critical conditions being established

the meniscus just disappeared. The pressure recorded by the

gauge G at this disappearance gave the required critical

pressure.
The Critical Volume is more difficult to determine than

the other critical constants. Ramsay and Young carried out
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experiments in which the liquid was heated above the critical

temperature, and then cooled by sudden expansion (see Chapter

XVI.) to obtain a temporary separation of the liquid from the

vapour.

141. The Critical Constants in Van der Waal's Equation. It

will be remembered that the behaviour of a gas is very well

represented analytically by the equation

and that if we plot graphs connecting p and v for a series

of constant temperatures, we get a number of isothermals of

the type shown in Fig. 85. A comparison of one of these lines

(Fig. 119) with those of Fig. 116 at once shows there is some

similarity. Van der Waal's equation being continuous, there

will be no sudden changes as in the saturated vapour curves,
but if we take a transversal ACB such that the areas cut off

above and below it are equal, the portions DA and BE do

coincide with the f C. isotherm of Fig. 116. Hence we can

apply Van der Waal's equation to the liquid vapour curves.

From

we

and multiplying this out, we have

pi?-(bp +RT>2+av-ab=o (ii)

which is a cubic equation having in general three values for

v corresponding to one of p, as with the points A, C, and B
in Fig. 119.
Now as we increase the 4MMfr temperature, the line AB

becomes smaller and smaller until finally A, C, and B all coincide

in one point the critical point.
This can be expressed analytically by finding the condition

that the roots of equation (ii) are all equal.

Denoting this value as v
c)

this gives us

-v*=o (in)

This is identical with equation (ii),
and hence equating the

coefficients of like powers of v, we have
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T?T

vi** (i)

'

p.
(3)

(The suffix c in each case denotes the critical constant.)
These are three equations which completely determine the

quantities p c ,
v
c ,
and Tc in terms of the Van der Waal's con-

stants a, b, and R. By elementary algebra, we find from
these that

(1) the critical volume z>
c
= 3^

(2) pressure pc
=

p,
and

(3) temperature Tc
= ^

Hence a knowledge of the constants a, b, and R for any
gas at once enables us to calculate the critical constants for

the gas.

142. Corresponding States. If in Van der Waal's equation
we put

p=mpe ,
v=nv

c ,
and T=ZT

C ,

where m, n, and / are constant fractions, so that we consider

the real pressure p as a fraction m of the critical pressure,
the volume v as fraction n of the critical volume, etc., we get

Also, substituting b= -

v
and a = 2']b

2
pc
=

2'j .p c

the equation will ultimately reduce to the form

which is an equation totally independent of any one substance

in particular, and is true for all bodies.

K
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It suggests that in comparing the physical properties of

different liquids and gases, we should make the comparisons* in

corresponding states, i.e., at temperatures /T
c
and pressures

mp c such that / and m have the same value for all the sub-

stances to be compared.
143. The following are some values of the critical temperature

and pressure for various substances:

Substance.
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methods in vogue for the liquefaction of gas may be classified

in two groups, according to one of two principles which are used
to bring about the reduction of temperature. We will illustrate

these by describing one method from each group.
Pictet's Method. In 1877 Pictet liquefied oxygen by the

use of the apparatus shown diagrammatically in Fig. 120. The
reduction of temperature was produced by taking advantage of

the heat absorbed by a liquid during the process of evaporation

(Art. 126). A reference to the table in Art. 143 will show

FIG. 1 20. Liquefaction of Oxygen. Pictet's Method.

that sulphur dioxide can be liquefied at atmospheric pressure

by cooling it to 10 C. ;
and at normal temperature only a

small increase in pressure is sufficient to cause liquefaction.
Carbonic acid is another substance which can easily be liquefied
at ordinary temperature by the application of pressure.
A pipe AB is surrounded by a jacket C containing S02 (sulphur

dioxide) vapour. By means of a pump D this S02 vapour is

drawn from C, compressed into a liquid, and returned to C as

liquid S02 . The resultant reduction in pressure at each upward
stroke of the pump D causes the liquid S0 2 to evaporate in C,
and the heat required for this evaporation is absorbed from the

tube AB, which is accordingly chilled*
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At the same time carbon dioxide (C0 2) vapour is drawn by a

second pump G from a jacket H surrounding a pipe KL, is com-

pressed,, and is delivered from G into the tube AB which we have

seen has been chilled by the evaporation of the S0 2 in the sur-

rounding jacket C. The C0 2 is in consequence liquefied in the

tube AB, and it passes down AN into the jacket H. The pressure

being here reduced at each outward stroke of G, the C0 2

evaporates,, producing a further lowering of the temperature
of the tube KL.
The temperature of KL is now sufficiently low to liquefy

oxygen in the tube, provided the pressure is sufficiently high.
The oxygen is generated by heating potassium chlorate in a

strong vessel M. The pipe KL is closed by a stop-cock P, and the

pressure to which the oxygen is subjected is

indicated by a pressure gauge Q.
Dewar Flasks. The liquid so formed is collected

in a double-walled glass vessel (Fig. 121) devised

by Dewar for the purpose of examining the pro-

perties of liquefied gases. The space between the

walls is evacuated, and the vacuum surfaces are

lined with a mercury film produced by the con-

densation of a few drops of mercury introduced

^r in vaporised form for the purpose. With this

FIG. 121. form of containing vessel it is found that evapor-
ation takes place very slowly indeed. Thermos and

vacuum flasks in common use work on the same principle.

Hampson's Apparatus. The second group of methods, de-

veloped by Dewar, Hampson, Linde, and others at about the same

time, depends upon a fact brought out by Joule and Kelvin

(Chapter XVI.), in what is spoken of as the
"
porous-plug

"
experi-

ment, that when a gas suddenly expands from a high pressure to

a low pressure without external work being done, it suffers a fall

in temperature. Thus in the case of air this amounts to about

.25 C. fall per atmosphere difference of pressure. This is fre-

quently spoken of as the
"
Joule-Kelvin Effect," and we shall

discuss it in detail in Chapter XVI.

Hampson used this principle in the liquefaction of air. He
first removed from it all traces of carbon dioxide by drawing the

air gently through a number of trays of lime. This was necessary,

because the C0 2 readily solidifies, and the solid C02 would

obstruct the pipes and valves. The air was then subjected to a



PROPERTIES OF VAPOURS 149

pressure of 50 atmospheres by means of a compression-pump,
the heat generated during this process being abstracted by means
of a water-bath. It was then passed on to a high-pressure pump,
the heat formed being again abstracted, and as a consequence a

pressure of 200 atmospheres was produced at the temperature of

the room.

As subsequent operations were for the purpose of reducing

temperature, it was now necessary to get rid of every trace of

moisture
;

otherwise this would freeze and clog the valves and

passages. Accordingly the air was now passed through caustic

potash tubes. Being thus thoroughly dried, it was led through

Pumps
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CHAPTER VIII

PROPERTIES OF VAPOURS continued

145. Saturation Pressure of Solutions of Solids in Liquids. When
a solid is dissolved in a liquid, it is found that the maximum
vapour pressure for the solution is less than that for the pure
solvent.

For dilute solutions, the following relation is approximately
correct :

No. of gr. equivalents of the dissolved

Decrease of Pressure _ substance in i litre (x)

Original Pressure
"
No. of gr. equivalents of the solvent in

i litre (M)

Since x is small compared with M, we may write M + # for

M, so that the relation may be written

P P xl= -= =the concentration.
r

x M.+X

146. Vapour Pressure and the Lowering of the Freezing-Point

of Solutions. We saw in Art. 114 that when a solid is in solution

in a liquid, the freezing-point of the liquid is lowered. We are

now able to consider this from the point of view of vapour

pressures.
If we trace the pressure-temperature curve of a substance from

the liquid state to the solid state, we find an abrupt steepening

beginning at the freezing-point, and continuing as the tempera-
ture falls. The curve LAX (Fig. 123) shows this for water and ice.

The indication is that the vapour pressures in the solid state

are much smaller than in the liquid condition. This is naturally
to be expected, since the value of the vapour pressure is depend-
ent upon the ease with which molecules are able to leave the

substance to form the vapour above it, and in solids the mole-

cules have very little freedom of movement. If we now place a
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salt in solution so thatwe have, say, a concentration a,we have just
seen that the vapour pressure is lowered. Hence we shall get a
new vapour pressure-temperature curve MB below the curve LA.
The ice-line is fixed and quite independent of this, for when a
solution freezes, the pure ice separates out from the salt

;
we do

not get a mixture of frozen ice and salt. Hence the curve AX still

holds good as the ice-line. But the curve MB cuts AX in the

point B below A, and this determines the new freezing-point of

the solution as being somewhere below zero. Hence we see why

Temperature,^
FIG. 123.

the effect of a salt in solution is to lower the freezing-point of the

liquid.

If we now increase the concentration to 2a
;
we get a pressure-

temperature curve NC still lower, and this cuts the ice-line AX
in the point C, giving a still further reduction in the freezing-

point.
If the concentrations are small, we may look upon the spaces

ABD and ACE as being similar triangles.
Hence ratio of reductions of F.P.

=BD=AD
CE AE

= ratio of reductions of vapour pressures.= ratio of concentrations (Art. 145).
Hence the depression of the freezing-point of a salt solution is

proportional to the concentration.

147. Vapour Pressure and the Raising of the Boiling-Point of
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Solutions. In Art. 123 it was pointed out that the boiling-point
of a solution was raised in proportion to the concentration. This

also follows from the curves in Fig. 123.
It will be remembered that the boiling-point of a substance is

that temperature at which the vapour pressure is equal to that

of the atmosphere. Again confining our attention to water as a

Ifc

I

75

B

V

Saturated solution

Jsobutyl Alcohol
i n \\nter

P

Saturated'solution
1

of Water in
Alcohol

OJ 20% 4o% e>o% so% -100%

ContDosilioris- percentage tflcoftot.

FIG. 1 24. Vapour-Pressure Curve for various Solutions of Isobutyl
Alcohol and Water at 89 C.

typical example, when no salt is in solution, the boiling-point is

100 C., given by the point L on the curve LA.
Now whatever the concentration of the solution may be, the

boiling-point must always be determined by the intersection of

the pressure-temperature curve with the atmospheric pressure
line. Hence in the figure, when the concentration is a, the boiling-

point is given by M to the right of L, giving an increase in the

boiling-point by an amount LM on the temperature scale.

Similarly, when the concentration is 20, the increase in the
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boiling-point is equal to LN on the temperature scale, and again
we may say that the elevation of the boiling-point oj a salt solution

is approximately proportional to the concentration.

148. Saturation Pressure of Solutions of Liquids in Liquids.

Three cases require consideration :

Case i. When the two liquids are not niiscible, i.e., they will

not mix at all, e.g., oil and water. It is found for such a case that

the resulting vapour pressure is equal to the sum of the separate

vapour pressures due to each independently of the other,

iXVP-V^+V^a.
Thus the vapour pressure of water at 18 C. is equal to 16 mms.
of mercury, while that of carbon bisulphide at the same tempera-
ture is 285 mms. For a mixture of the two we get a vapour
pressure of 300 mms. of mercury.

Case 2. When the two liquids are partially miscible, e.g., ether

and water
;
each dissolves a little of the other. For this case it

is found that the resulting vapour pressure is always less than
the sum of the separate vapour pressures of each independently
of the other. Fig. 124, which is not drawn to scale, is an example
typical of this group, and shows the behaviour for water and one

of the higher alcohols (isobutyl alcohol), considered at a tempera-
ture of 89 C. The percentage of alcohol in the mixture is plotted

horizontally, so that we have pure water on the extreme left,

and pure alcohol on the extreme right ; vapour pressures are

plotted vertically.
If pQ denotes the vapour pressure for o% alcohol, i.e., for

water alone, and if
/>100 denotes the vapour pressure for 100%

alcohol, i.e., for alcohol alone, and if p denotes the vapour
pressure for any given composition, we always have p less than

Po+Pioo-

Suppose we start with a mixture containing 40% alcohol,

using the apparatus shown in Fig. 101. We find on heating that

the boiling-point is reached at a temperature of 89 C., and that

we are distilling a mixture of 40% alcohol similar to that with

which we started. If instead we start with a weak solution of

less than 10% alcohol, the boiling-point is still 89 C., but the

vapour pressure of the mixture is less than that of the 40%
mixture at 89. Instead of the mixture being condensed in the

condenser, we find the solution in the retort becoming weaker
and weaker, until finally we have pure water in the still and

pure alcohol in the condenser. If, on the other hand, we start
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60-

with a 90% solution of alcohol, we come down the curve, and
water alone is distilled off,leaving pureisobutyl alcohol in the still.

Case 3. When the two liquids are wholly miscible, e.g., water

and one of the lower alcohols. In this case the pressure is inter-

mediate between those of the separate constituents. Fig. 125,

not drawn to scale, shows the type of curves for ethyl alcohol

and methyl alcohol.

Whatever composition we start with, the curve is always
directed upwards, and the alcohol passes off to the condenser,

leaving pure water eventually in the still.

In the case of ethyl alcohol, however, at about 90% the curve

is horizontal, and here the distillate remains a 90% solution.

Hence at this composition we
cannot separate the consti-

tuents by distillation.

The curves show that the

pressure of the mixture tends

to approach that of the con-

stituent which is present in

the greatest amount.

149. Mixtures of Unsatu-

rated Vapours, or of Vapour
and Gas. For a mixture of

two unsaturated vapours, it

100/1 is found that the total vapour

T*ercentagc fllcohol pressure is equal to the sum

pIG I2 - of the separate vapour pres-
sures of each.

For a mixture of a gas and an unsaturated vapour, or of a

saturated and an unsaturated vapour, the total vapour pressure
is generally a little less than the sum of the two separate vapour
pressures.

150. Vapour Pressure when the Containing Vessel is not Uni-

formly Heated. If we have a vessel containing liquid and vapour

(Fig. 126) such that a portion A is at a temperature f C. higher
than that of another portion B at ^ C., initially the vapour

pressures will be different at the two places, for we have seen

that the pressure increases with the temperature.
The excess of pressure at A over that of B will induce a current

of vapour from A to B. The molecules at A at a saturation

pressure p t
will on moving to B come to a region where the
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saturation pressure pfl
is lower than p t ,

and condensation will

therefore take place, the condensed particles running down to
the liquid below. This will continue until the whole of the

pressure has been reduced uniformly to the lower value p tl
.

Hence it follows that A

if we have a saturated

vapour in a vessel

whose temperature

differs in different

parts, provided the t>t+
vapour can movefreely
from onepart to another,
the pressure on the

vessel is that which

belongs to the lowest

temperature.
Wollaston's Cryo-

phorus(Fig. 127) is an

application of this.

Two bulbs A and B are connected by a horizontal tube. The
bulb A contains water, and all the air has been removed from the

remainder of the space. Bulb B is immersed in a freezing mixture

C, causing a difference of temperature in the parts of the appara-

FIG. 126.

fL
\

FIG. 127. Wollaston's Cryophorus.

tus, and hence an excess of vapour pressure in A over that of B.

A current of vapour therefore passes from A to B, and the

temperature in B is sufficiently low for condensation steadily to

take place, thus maintaining the difference of pressures, and
therefore the current of vapour.
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This process does not go on indefinitely, however, for it must
not be forgotten that in condensing in B an absorption of heat
must occur, and this heat is extracted from the bulb A, which
therefore persistently cools until the water left in it freezes.

151. Sublimation. It was pointed out in Art. 128 that in

addition to the changes of state from solid to liquid, and liquid

Temperature tf

FIG. 128.

to gas, there occur frequent examples of a direct transition from
solid to vapour without the intermediate condition of a liquid
state obtaining. We speak of this change of state as sublimation.

It follows from this that these solids exert appreciable vapour
pressures which are affected by the temperature. We are

conscious of the existence of these vapour pressures in the

smells of bodies. Thus pieces of camphor left exposed gradually

disappear as a vapour, but show no signs of a liquid condition.

The smell which pervades the room containing the camphor
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shows that a large number of camphor molecules are constantly

present in the air.

In some cases the vapour pressure must be very minute indeed

in spite of the distinct smell
;

if we take a very small grain of

musk, for example, the room is scented strongly for years without

any appreciable indication of a loss in weight.

Just as we are able to draw up a saturation curve connecting
the vapour pressure of a liquid with its temperature, so we can

draw up a sublimation curve connecting the vapour pressure of

a solid with its temperature. To some extent of course sublima-

tion is a phenomenon common to all substances below the

freezing-point, for in no case is the vapour pressure of a liquid
zero at the temperature of its freezing-point. If we trace the

vapour pressure curve below the freezing-point, it will be

remembered that we get a sudden reduction in the vapour
pressure producing a dip in the curve, as in Fig. 123. The portion
AX is really the sublimation line for ice, a very small amount of

vapour being given off by the ice without passing through an

intermediate liquid stage.

152. The Triple Point. The curve of saturation for a liquid
is a graphical representation of the facts of the change of state

from liquid to gas. Similarly the sublimation curve deals with

the change from a solid direct to the gaseous state. The remain-

ing change of state, that from solid to liquid, can also be graphic-

ally represented by a curve of melting (Fig. 128). We have seen

that the influence of pressure on a substance is generally to raise

the melting-point, as in the case of boiling, but the effect is not

very great ; large increases in pressure produce but a small rise

in the melting-point. Hence we should expect the curve of

melting to be a very steep one, as is indicated in the figure. In

the case of ice, it will be remembered that increase in pressure

depresses the melting-point, and in this case the line of melting
will slope to the left instead of to the right, as happens in the

general case.

If we plot the three curves, that of saturation, melting, and
sublimation on one graph as in the figure, we find they all pass

through a common point which is spoken of as the triple point.
That this is so may be proved from the following considerations.

It was proved in Art. 138 (see Fig. 114) that the saturation

line marks the boundary between the liquid and vapour states,

and that to the right of the curve only the vapour state is
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possible, while to the left of it only the liquid state is possible.
The line itself shows the only conditions under which it is possible

forjthe liquid and vapour to exist in each other's presence in a

I I

Temperature Temperature .

FIG. 129. FIG. 130.

state of equilibrium. The identical reasoning used in Art. 138
may be applied to the melting line to show that to the right of it

only the liquid state is possible, while to the left of it only the

solid state is possible ;
and

similarly above the sublim-

ation line only the solid

state is possible, while

below it only the gaseous
state is possible.
Hence the three curves

(Fig. 129) are not only the

curves of equilibrium of the

three states, but they also

mark the boundaries of the

three states. It follows from
this that the curves meet
in a point, for if they did

95 w 135
Temperature,, not, as in Fig. 130, we

j,-IG ,

,
(

should have a space O
which, being to the left of

the saturation line, must be a liquid area, while being to the left

of the melting line, it must also be a solid area
; yet the fact that
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it is below the sublimation line shows it to be a vapour area. As

these are contradictory conclusions, the space cannot exist,

and therefore the three lines must meet in a point. The triple

point is the only point at which we can have the solid, liquid, and

gaseous states in equilibrium with each other simultaneously.

153. The Case of Sulphur. Sulphur is a substance which has

two separate crystalline forms, the rhombic and the monoclinic.

For such a case we get a line DA (Fig. 131) separating the

rhombic solid from the monoclinic solid form, the line DB
separating the monoclinic from the liquid form, and the line

DE separating the rhombic from the liquid form. Similarly
the sublimation line AB separates the monoclinic solid from

the vapour, whilst AF divides the rhombic form from the vapour.

EXAMPLES ON CHAPTERS VII AND VIII

1. Define the terms
"
unsaturated vapour,"

"
saturated vapour,""

vapour pressure." How would you show the effect on its pressure
of a diminution in the volume of (a) an unsaturated vapour, (b) a
saturated vapour?

2. How can it be shown that the pressure of a saturated vapour
is unaffected by the presence of a gas-like air? [L. Inter. Sci.]

3. Describe an experiment for the determination of the vapour
density of an unsaturated vapour, and explain the theory of the
method you describe.

4. A barometer tube dipping into a mercury reservoir contains
a mixture of air and saturated vapour above a column of mercury
which is 70 cms. above the tube in the reservoir, the atmospheric
pressure being 76 cms. What is the height of the mercury column
when the tube is depressed so as to reduce the volume occupied by
the air to half its original value, the pressure of the saturated

vapour being 1.5 cms.? [L. Inter. Sci.]

5. Why does a liquid vaporise much more slowly when only one

degree below the normal boiling-point? [L. Inter. Sci.]
6. What atmospheric conditions will (a) favour evaporation, (b)

cause a change in the boiling-point of a liquid ? Give reasons for

your answer. [W.]
7. Define the vapour pressure of a liquid, and explain how it can

be found for water between 75 C. and 120 C. [L. Inter. Sci.]
8. What is the relation between the boiling-point and the vapour

pressure of a liquid? Describe what happens when a mixture of

two liquids, such as water and one of the alcohols, is distilled. [W.]
9. How does the presence of water vapour affect the pressure of

a gas? Indkate this graphically by drawing an isothermal (a) for

dry gas at t C., and (b) for damp air at t C.



160 A STUDENT'S HEAT

10. Enumerate the points of resemblance and difference between
a gas and a vapour.

11. A and B are two barometers. A has a little air above the

mercury, while B has a little air and a drop of water. The readings
of the barometers happen to be equal at the temperature of the
room. Will they be equal when the temperature is raised or

lowered, and if not whichwill give the higher readings ? [L. Inter. Sci.J
12. What is meant by the "critical temperature" of a gas?

Give drawings and description of the isothermals for carbon dioxide
in the neighbourhood of its critical temperature. [C. Tripos I.]

13. What is meant by the
"

critical point
"

of a gas, and how is

it related to the characteristic equation

J10 _aP v-b vl

which expresses the behaviour of a gas when highly compressed?
[C. Mech. Sci. Tripos.]

14. What are the conditions necessary for the liquefaction of

gases? How can carbon dioxide be liquefied, and how would you
preserve it in the liquid state ? [W.]

15. Describe and explain the action of the cryophorus.
1 6. Describe carefully the difference between evaporation and

boiling. What effect has the presence of the air above in each
case ? Why does ether boil at a lower temperature than water ?

[L. Inter. Sci.]

17. What is meant by the critical temperature, critical pressure,
and critical value of a substance ? How can they be experimentally
determined ? [C. Tripos II.]

1 8. If the critical temperature of a substance is 31 C., and the
critical pressure 76X10' dynes per sq. cm., show that R= 2Xio'6
in Van der Waal's equation. [L. B.Sc. Pass.]

19. If a closed iron tube containing water is heated from the

ordinary temperature to above the critical point for water, show
how the curve obtained for the relation between pressure and
temperature depends upon the quantity of water present in the
tube. [W.]

20. How would you investigate experimentally the relation
between the pressure and volume of a saturated vapour at high
temperatures ?

21. Describe in detail some method for the liquefaction of air.

22. What do you understand by sublimation? How may the
facts of sublimation be represented graphically ?

23. In what way is vapour pressure affected by solids in solution ?

How could you prove (a) that the boiling-point of liquid is raised

by a salt in solution, and (b) that the freezing-point is depressed by
a salt in solution, and that in each case the alteration is proportional
to the concentration approximately ?

24. Prove that for any substance the curve of saturation, the
curve of melting, and the curve of sublimation meet in a point.
What is the physical significance of this point ?
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CHAPTER IX

HYGROMETRY

154. Water Vapour in the Atmosphere. We nowTproceed to

the study of the presence of the water vapour in the atmosphere.
A condition of absolute absence of moisture from the air is incon-

ceivable, owing to the fact that five-sixths of the earth's surface

is water. Whatever the atmospheric conditions of temperature
and pressure may be, molecules must be constantly leaving the

water surfaces to intermingle with the air molecules. We have

seen that were it not for the presence of the air, there would exist

a perpetual condition of saturation. Owing, however, to the

retarding influence of the atmosphere in delaying the rate of

evaporation, it is only under occasional physical conditions that

a state of saturation will exist. The study of the influence of

water vapour on the atmosphere is known as hygrometry.

155. Temperature and Saturation. It will be remembered that

when we have a surface of separation of liquid from vapour, there

exists a constant interchange of water and vapour molecules,
some of those from the vapour constantly becoming entangled

amongst those of the liquid, and vice versa. When this exchange

goes on at equal rates, the nett result is that the total quantity
of vapour remains unaltered, and we say it is in a saturated

condition. If, however, the rate at which molecules leave the

vapour for the liquid exceeds that at which molecules leave the

liquid for the vapour, the quantity of the latter as a whole

diminishes, and we say condensation is taking place ;
and finally

if fewer vapour molecules enter the liquid than leave it, the total

quantity of vapour must be increasing, and we say evaporation
is taking place.
The chief factor which in the atmosphere makes for the

occurrence of condensation or evaporation is temperature. The
effect of increase of temperature is to increase the molecular

motion of the substance heated. For gases and vapours, the

kinetic energy of the molecules is roughly proportional to the

absolute temperature, and it is extremely probable that the

L
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increase in the kinetic energy of the liquid molecules is at a much

greater rate than this, so that when we raise the temperature

slightly, evaporation
"
has the upper hand

"
over condensation

until sufficient liquid has evaporated to produce equilibrium.

Conversely, on cooling, condensation will take place.

156. Dew. Suppose we have a mass of air containing a

certain amount of water vapour in an unsaturated condition at

f C. This may be represented in a pressure-temperature diagram

(Fig. 132) by a point P below the saturation pressure line, i.e., the

vapour pressure at this temperature is not high enough for the

air which contains it to be saturated. If, however, we now cool

the air, since the amount of water vapour present remains un-

altered, its pressure
is constant. Hence,
as the air cools, we
move from the point
P along the constant

pressure line PQ,
arriving finally at a

temperature /j C.

such that the point

Q is on the satura-_ tion line, i.e., at this

tc tc remperatwe lower temperature

FlG I32
the pressure is now
sufficient to produce

saturation. Further cooling brings us to the left of the saturation

line, which is the region of the liquid state, and condensation

takes place.

Owing to the rotation of the earth on its axis, the atmosphere
experiences a diurnal cycle of temperature changes, and while

during the daytime the temperature may be sufficiently high
for the water vapour present in the air to be below the saturation

pressure, as the evening approaches the temperature falls, and
such objects lying on the ground as are good radiators, i.e., bodies

which readily emit their heat to their surroundings, cool more

quickly than other bodies which are bad radiators. Consequently
the air in contact with these cools too, and if this cooling is

sufficiently great, the saturation pressure will be reached, and a

film of moisture will be condensed on the surface of the bodies.

We speak of this deposit of moisture as deiv, and the tempera-

VAPOUR
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ture to which a given sample of air must be cooled for dew to be

deposited is called the dew point.

The best substances for the deposition of dew are those which
are both good radiators and bad conductors (see Chapters XIII.

and XIV.), for while the earth is giving up its heat, as in the

evenings, if a good radiator is also a good conductor, then as fast

as it is radiating its heat away to the space above it is taking
more in from the cooling earth. Wood is on this account a much
better surface for the deposit of dew than metal.

The formation of dew is greatly hindered if the air is in rapid

motion, for in that case no portion of the air remains over a

cooling object sufficiently long for it to be cooled below the dew

point. On the other hand, very still air also hinders the for-

mation of dew, for air is such a bad conductor that it cools very

slowly indeed when quite still. Again, the presence of clouds

interferes with the deposition of dew, for they act as a screen

to prevent the heat from being radiated out into space, and thus

hinder the necessary fall in temperature. A fairly calm, clear sky
therefore offers the best conditions for dew. Finally it should

be noted that an object fairly high above the earth does not as

a rule receive a deposit of dew, for as soon as the air in contact

with it cools, but before it has time to cool below the dew point,
its increased density causes it to sink towards the earth, other

air taking its place.

157. Condensation above the Earth's Surface. Fog and Mist.

It has been definitely established that condensation of vapour
occurs most easily when there are some nuclei about which the

liquid drops can form. Such nuclei are provided in the atmo-

sphere by the very large number of dust particles which are every-
where held in suspension, no matter how clear the air may be.

Much valuable work on this subject has been done by Aitken,
who has perfected an apparatus for counting the number of dust

particles in any given sample of air, and he has shown that while

in the country districts the number is far fewer than in the town

areas, even the purest of atmospheres is not entirely free from
them.

A sample of air which is almost free from dust particles could

be cooled many degrees below the normal dew point without

condensation taking place, and the condition is then one of

super-saturation.
If for any reason the air some little distance above the ground
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becomes cooled below the dew point, the condensation becomes
visible as mist. Over manufacturing towns the soot-particles
which are constantly being poured into the atmosphere give rise

to the particular variety of mist known as fog. Fogs occur

chiefly in the winter months, when the night atmosphere loses

a great amount of heat, and large masses of air become cooled

below the dew point.
The only difference between a fog and a mist is that the one

is much thinner than the other. This is because the nuclei in

FIG. 133.

Temperature

the country mists are generally so much smaller than the dust

and soot particles over the towns.

158. Mixtures of Air at Different Temperatures. The two
chief causes which give rise to the cooling of masses of air are

(i) the adiabatic expansion of an upwards-moving column of air,

and (2) the mixtures of different masses of air at different

temperatures. The first of these will be understood after

reading Chapter XVI. The second is a consequence of the fact

that the shape of the pressure-temperature curve is concave

upwards. Suppose we have two equal masses of air at tempera-
tures t and tl respectively, and suppose that each mass con-

tains vapour at its saturation pressure, so that their positions
on the graph are represented by A and B respectively

(Fig. 133).
If these two masses are now brought together, assuming / is



HYGROMETRY 165

greater than /1?
the one is heated and the other is cooled, and

we shall see in the next chapter that the resulting temperature

is the mean of the two, i.e.
}

-
*, and of course the resulting

pressure will also be the corresponding mean, *-*, as indicated

by the point C in the figure. This, however, is in excess of the

saturation pressure at the temperature
---*

by the length CD

on the pressure scale, and brings the substance into the
"
liquid

area." It is obvious that condensation must result until the

pressure is reduced to that of the point D.

It will be noticed that even if the original pressures of the two

portions of air were not at the saturation values, but just a

little below, as with the points a and b in the diagram,
we should still get condensation as a result of the mixture of

the two portions, so long as the^line [ab[(shown dotted in the

figure) cuts the mean ordinate between C and D. Hence when
two portions of air at different temperatures and at or near their

respective saturation pressures are brought together, condensation

will occur.

159. Clouds, Rain, Snow, etc. Clouds are often formed in

this way as a result of such air-movements as winds, and if the

condensed drops are sufficiently large for the force of gravity to

overcome the viscosity of the air, they fall to the ground as rain.

It sometimes happens that the temperature at which condensa-
tion takes place is below zero, and when this is so instead of rain

clouds we get snow clouds, with falls of snowflakes instead of

rain. Instead, too, of a deposition of dew on the ground, we
get hoar frost. Hail is produced by the freezing of falling rain-

drops as they pass through a stratum of air below o C.

160. Measurement of Dew Point. The various forms of

apparatus in use for the determination of the dew point all

work on the same principle. The air surrounding some bright
surface is cooled until moisture begins to be deposited, causing
a dimming of the surface. The temperature at which this

dimming takes place is noted, but^as this is probably too low a

reading, the source of cooling is now removed, and the tempera-
ture at which the moisture is seen to disappear is taken, and the
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mean of these two readings gives the desired dew point. The
different forms of apparatus differ only in the mechanism

adopted for producing the cooling.
Daniell's Hygrometer. One of the oldest forms is that known

as Daniell's hygrometer. This is really a form of cryophorus,

consisting of two bulbs connected by a tube bent as shown

(Fig. 134); and supported on a stand carrying a thermometer.
Some ether is introduced into the lower bulb, and its temperature
is recorded by a thermometer supported in the left-hand limb of

the instrument. All the air having been withdrawn, the tube is

sealed up, and it thus contains

nothing but ether and ether-

vapour. A muslin rag (not
shown in the figure) is now tied

round the right-hand bulb, and
a little ether is poured on to it.

Its evaporation produces cool-

ing owing to the absorption
of latent heat, and as with

the cryophorus, differences of

vapour pressures are set up,

causing a flow of vapour to the

right-hand bulb, and a lowering
of the temperature of the left-

hand bulb. By pouring more
ether over the muslin rag, this

cooling is continued until a

gilded band on the left-hand

bulb shows the film of moisture.

FIG. i 34.-^iellVHvgrometer.
Readings are taken and the

process is reversed as a ready

explained. Most Daniell hygrometers work badly, and greatly

try the patience of the experimenter, but if the instrument is

small and does not contain too much ether, it should give consis-

tent results, the two readings with practice being not more than

half a degree apart. After reading Art. 156, the student will

recognise that the instrument must be exposed to neither draught
nor sunshine, nor to the experimenter's breath or perspiring

fingers. This applies to all hygrometers.
Regnault's Hygrometer. This consists of a test-tube the

lower portion of which is replaced by a silver cap containing
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ether. The temperature of the ether is read by a thermometer
immersed in it. (Fig. 1350.)
The ether is connected with the atmosphere by a thin tube

FIG. 1350. Regnault's Hygrometer.

dipping into it from outside the test-tube, and with an aspirator

by a side-tube leading from the

test-tube. By turning on the tap
of the aspirator, air is bubbled

through the ether, causing evapora-
tion and cooling, and, as before,

readings are taken as soon as con-

densation is detected. To facilitate

this a second tube and silver cap is

placed alongside the first for pur- B-
poses of comparison. One of the

chief advantages of this instrument
is the ease with which the rate

of cooling is regulated by the

aspirator. Another form of this

apparatus consists of a box glued
to the back of a thin dark glass

plate or piece of polished metal
A. The box contains ether,

and air is bubbled through as

shown (Fig. 135^). A second plate B serves for comparison.
Wet and Dry Bulb Hygrometer. This consists of two simple

FIG. 1356. Apparatus for

determining Dew Point.
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mercury thermometers (Fig. 136), the bulb of which is wrapped
in one end of a linen rag. The other end of the rag is immersed
in a well of water. The second thermometer records the normal
air temperature. By capillary attraction the linen

"
wick

"

keeps the bulb of the right-hand thermometer constantly

wet, and therefore evaporation will be going on, accompanied
by the absorption of heat, and this will be indicated by a

lower thermometer reading. The drier

the air, the greater will be the

rate of evaporation of the moisture,
and therefore the greater will be the

difference between the two thermo-
meter readings. When however the

air is already near the condition of

saturation, the rate of evaporation from
the right-hand bulb will be slow, and
the thermometers will be very nearly
alike. It should be remarked that the

readings are more reliable if the air is

made to circulate round the two bulbs.

There exists a relationship between the

difference in the temperature readings
and the dew point which is expressed

by an empirical formula, i.e., a formula

not proved mathematically, but found
as a result of experiment. From this

formula tables are drawn up, and by a
reference to these the dew point corre-

sponding to any given set of observa-

tions can be found.

This can best be explained by an

example. Suppose we have a difference

in temperature of 3 when the dry

Referring to Table I., we look down
the first column, which refers to the dry bulb readings, and
confine our attention to the 17 line. This line gives us the

successive vapour pressures in mms. of mercury which
must exist at 17 C. for various differences of wet and dry
bulb readings. Referring to the column for a difference of

3iwe see that the vapour pressure at 17 C. is 10.1 mms. of

mercury.

FIG. 1 36. Wet and Dry
Bulb Hygrometer.

bulb registers 17 C.
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TABLE I

DATA FOR USE WITH THE WET AND DRY BULB
THERMOMETERS

it
JTl
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TABLE II

PRESSURE OF WATER VAPOUR IN MILLIMETRES
OF MERCURY

ITemperature.
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In cases when the difference between the wet and dry bulb

readings comes to a decimal of a degree, as,, for example, 2.3,
then the vapour pressure must be found by a simple calculation

in proportion. Thus for 15 C. the required value lies between

9.9 and 8.6, and will be equal to 9.9 .3(9.9 8.6) =9. 5 mms.
of mercury.

161. Relative Humidity. A knowledge of the dew point gives
us some idea of the condition of dampness or dryness of the

atmosphere, for if the dew point is several degrees below the

normal temperature, we at once infer that the air is very

dry, and on the other hand, if very little cooling is required
before the saturation point is reached, the air must be very

damp.
A more direct measurement of the hygrometric state of the

atmosphere, as it is called, is given by a comparison of the

amount of water vapour present in a given volume of air with

the maximum amount it could hold, i.e., the amount which
would be held by the air in a state of saturation. This ratio

is spoken of as the relative humidity, or the fractional saturation,
and is expressed either as a decimal or as a percentage.
We therefore have (when the air is at f C.)

Mass of water vapour present in i c.c. of air at t C.
relative ^T ^ : ,

Mass of water vapour to saturate i c.c. of air at t C.

But the ratio of the masses equals the ratio of the densities,

Density of water vapour present in i c.c. of air at t C.
' relatlve humidity=Dens

.

tyof water yapour to saturate j_ cc Qf a
.

r at t0 c

But the density is proportional to the pressure,

_ Pressure of water vapour present in i c.c. of air at t C.
~~

Pressureof watervapour to saturate i c.c. of air at* C.

Finally, it will be remembered that the normal vapour pressure

exerted by the vapour present in any given sample of air at f C.

becomes the saturation pressure at the corresponding dew point.

Hence we have finally that

Saturation pressure at the dew point~
Saturation pressure at the normal temperature

Hence to determine the relative humidity, it is merely

necessary to know the normal temperature and the correspond-

ing dew point, and to determine from Table II. (p. 170) the

corresponding maximum vapour pressures ;
the ratio of these

gives the value required.
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Any of the methods already described for the determination
of the dew point may therefore be used for finding the relative

humidity. The only additional method which calls for special
comment is that performed with a piece of apparatus known as

the chemical hygrometer.
The Chemical Hygrometer. By means of this extremely

simple apparatus, the amount of moisture actually present in a

given volume of air can be directly measured. A and B (Fig. 137)
are tubes containing a drying agent such as calcium chloride

D --

FIG. 137. The Chemical Hygrometer.

or phosphorus pentoxide ;
these are connected with an aspirator

D. When the tap is turned on, water is drawn off, and its

place is taken by air which is drawn in through A and B. These
are carefully weighed before and after the experiment, and the

difference gives the amount of moisture present in the volume
of air equal to the volume run out. The experiment is now
repeated, the air this time being caused to be saturated before

entering the drying tubes. This is done by passing it through
tubes containing soaked wool. The ratio of the masses gives
the relative humidity. This is an accurate but very tedious

method, and is on this account but little used.
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EXAMPLES ON CHAPTER IX

1. Define the dew point, and state how it can be found experi-

mentally. What experimental errors is your method liable to?

[L. Inter. Sci.]
2. Explain (a) why icebergs are usually surrounded by fog, and

(6) why a morning fog usually disappears before noon.

3. On a day when the barometer is 760 mms. high, the tempera-
ture of the air is 20 C., and the relative humidity is 0.5 ; what
fraction of the whole pressure of the air is due to water vapour ?

The saturation pressure at 20 C. is 18 mms. [C. Loc.]

4. Define the relative humidity of the atmosphere, and show in a

general way how the readings of the wet and dry bulb hygrometer
are connected with it.

On a clear evening the dew point is 42 F. Explain the effect

of the moisture present upon the fall of temperature later, and
consider the probability or otherwise of frost. [L. Inter. Sci.]

5. Why may the barometer be expected to rise in hard dry
weather? Give some explanation of the formation of hoar frost,

snow, and hail respectively. [C. B.A. II.]

6. Explain why the readings of the wet and dry bulb ther-

mometers are generally different. Give an account of the forma-
tion of dew and mist. If the vapour pressure of water at 15 C.

is 12.7 mms., and that at a temperature of 12 C. is 10.5 mms.,
find the humidity of the air when the temperature is 15 C. and the
dew point is 12 C. [C. B.A. Agric.]

7. 100 c.cs. of oxygen, saturated with water, are collected at a

pressure of 40 mms. and 15 C. Find the volume of dry oxygen
at o C. and 760 mm. pressure, given that the maximum vapour
pressure of aqueous vapour at 15 C. is 12.7 mms. [L. Inter. Sci.]

8. The dew point of the air in a,greenhouse rises from 9.5 C
to 20.2 C. ; calculate the proportion in which the water vapour
present is increased. [L. Inter. Sci.]

9. Explain why a mixture of two different streams of air at

different temperatures may give rise to a mist or cloud. How does
this occur in nature?

10. Draw an apparatus for ascertaining the dew point, and
describe carefully the mode of making observations. Would you
expect the dew point to be at once affected if a sudden fall in the
barometer occurred? If so, say how and why? [Army.]
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CHAPTER X

T

THE QUANTITATIVE MEASUREMENT OF HEAT SPECIFIC HEAT

162. Distinction between Temperature and Quantity of Heat.

We have so far confined our study of heat to those branches of

the subject which are concerned with changes of temperature,

i.e., with the intensity or degree of heat
;
we now turn our

attention to considerations involving the idea of quantity or

amount of heat. It is important for the student to realise at

the outset the distinction between

intensity and quantity with regard to

heat. Suppose we have two different

quantities A and B of the same sub-

stance (Fig. 138). To heat them
both to the same temperature, it is

obvious that much more heat must
be given to B than to A. On the

FlG j_8 other hand, if we give to both the

same quantity of heat, we shall find

that A is at a higher temperature than B. Again, suppose we
have two quantities of the same substance at different tem-

peratures, and we mix them together, we find that the hotter

substance becomes cooled, dnd the cooler substance becomes

warmed, until the two assume a common temperature ;
a

quantity of heat has flowed from the hotter to the cooler

substance.

163. Unit of Heat. Quantity of heat is therefore very
different from temperature. In dealing with heat from this

point of view, the need at once arises for a unit. For this

purpose, the obvious thing which suggests itself is to take the

quantity of heat necessary to raise the temperature of i gr.
of a substance i. We find, however, that this quantity is

different for different substances. Thus if we take 10 grs. of

water and 10 grs. of copper, it requires far more heat to raise the

temperature of the water i than is necessary in the case of

the copper. This fact is well brought out by Looser 's Double
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Thermoscope (Fig. i39)-1 This is in effect two air thermometers

placed side by side on a wooden frame. The bulbs of these two

thermometers have let into them two graduated test-tubes AA.
Connected to the bulbs by india-rubber tubing are bent tubes

Fie. 139. Looser's Double Thermoscope.

provided with enlargements BE and CC. Coloured liquid is

introduced into each tube through C (the taps DD being removed)
to a height of about 15 cms. The taps are then replaced, CC

being left open to the atmosphere.
To use the apparatus, pour equal quantities of cold water in

each of the test-tubes AA to about half-fill them, and take equal
masses of two metals, say copper and lead, and heat them up to
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a high temperature in a hot-air oven or water-bath. Quickly
transfer them one into each of AA, moving the metals up and
down by means of attached threads so as to distribute the heat

uniformly throughout the cold water. The heat lost by the

metals is thus taken up by the cold water, and is in turn com-
municated to the air in the bulbs surrounding the test-tubes.

The consequent expansion of the air forces the coloured liquid

up the index stem, and this movement is a measure of the

relative amounts of heat given up by the two metals. It is found
that for the same range of cooling, the copper emits roughly three

times as much heat as the lead.

These variations are not confined to solids. If instead of equal
masses of cold water we have equal masses of, say, water and
alcohol in the test-tubes AA, and if we then introduce equal
masses of one solid, say copper at 100 C., into the two liquids,
we find the bulb containing the alcohol registers a much
higher rise in temperature than that containing the water,

showing that less heat is required to raise the temperature of the

alcohol one degree than is necessary in the case of the water.

We see then that in seeking a definition of unit quantity of

heat, we are obliged to refer to the behaviour of some standard

substance. For many reasons we choose water as our standard.

Accordingly, we define unit quantity of heat as the amount of
heat necessary to raise the temperature of one gram of waterfrom
15 C. to 16 C. This unit is called the gram-degree, or calorie,

or therm.

It will be noticed that we have specified a definite temperature
change from 15 C. to 16 C. This is because experiment shows
that the amount of heat required to change i gr. of water from,

say, 26 C. to 27 C. is different from that required to raise its

temperature from 15 C. to 16 C., and similarly for other

temperatures. Hence a standard temperature as well as a stan-

dard substance is required for an accurate definition. 15 C. is

very generally adopted for this purpose, because it is a normal

laboratory temperature.

164. Specific Heat and Capacity for Heat. The specific heat

of a substance is defined as the amount of heat necessary to raise

the temperature of one gram of the substance one degree Centi-

grade. It follows that the specific heat of water at 15 C. is unity.
The following are reliable values for the specific heats of various

substances at normal temperatures :
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Liquids.

Acetic acid

Ethyl alcohol

Benzol

Chloroform

Carbon disulphide

Anhydrous ether .

Glycerine .

Mercury
Kerosine

Petroleum .

Turpentine

Sulphuric acid

.46

.615

.416

235
.240

529

58

0335

.683

5 1

454
3363

Solids.

Aluminium . .2122

Bismuth . . .0298
Cadmium . . .0548

Copper . . .0933
Glass (powdered) .198
Gold . . .0316
Ice . . . .504
Iron . . .1124
Lead . . .0315
Platinum . . .0323
Silver . . .0559
Tin . . .0556
Zinc . . .0932

Values for gases are given in Art. 183.
Thermal Capacity. In the term specific heat, we are confined

to one gram of any given substance. If we denote by c the

value of the specific heat, then for two grams the amount of

heat required to raise the temperature one degree is 2c calories,
and generally, the amount of heat required to raise the tempera-
ture of a substance weighing m grs. by one degree Centigrade will

equal me calories. We call this quantity the thermal capacity or

the capacityfor heat of the substance.

165. Heat absorbed or emitted during a Change in Tempera-
ture. We are now in a position to calculate the amount of heat
emitted or absorbed by a body during any change of temperature.

Let m= mass of the body.
c= specific heat of the body.

Then for every degree change in the temperature of the body,
me calories are lost or absorbed according as the temperature has
fallen or risen.

Let 9= initial temperature of the body,
and (f>= final temperature of the body.

Then the total change in temperature =(9 <), assuming a

cooling to have taken place.
.'. total heat \ost=mc(Q-<j>) calories.

i.e., Heat lost (or gained) mass of body x its specific heat

x its change in temperature.
166. Mixtures of Different Substances at Different Tempera-

tures. We have already pointed out that when a hot substance

M
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is mixed with a cold substance, something in the nature of a
"
flow of heat

"
takes place from the hotter to the cooler body,

the latter being warmed and the former being cooled until

both attain a common temperature intermediate between the

two original temperatures. Assuming that no heat has been
lost to the surroundings, we may express the behaviour by
the statement :

Heat lost by the hotter body = heat gained by the cooler

body.
We may now apply the results of Art. 165, i.e.,

Mass of hot body x its specific heat x its fall in temperature
=Mass of cold body x its specific heat xits rise in temperature.

Let M = mass of hot body.
C= its specific heat.

6 = initial temperature of hot body.
w=mass of cold body.

=its specific heat.

(f>
= initial temperature of cold body.
t= final common temperature of the mixture.

Then we have

MC(6-/) = M<^-4>), (i)

and given any six of these quantities, the seventh may be at

once calculated.

167. Calorimetry. The Water Equivalent. If we try to

realise the statements of the previous article practically, we
find certain difficulties

"
cropping up." For example, it is impos-

sible to mix two solids at different temperatures together, even

in powdered form, without losing much of the heat to the sur-

roundings, or with any hope of a uniform distribution of tempera-
ture throughout the body of the substance. With two liquids
the problem is considerably simplified. We may quickly pour
the hot liquid into the vessel containing the cold liquid. Such a

vessel in which heat measurements are made is spoken of as a

calorimeter. The reason for pouring the hot liquid into t'-r

calorimeter quickly is to avoid losses to the surroundings during
the transference.

By quickly stirring the mixture with a stirrer (in the absence

of a special stirrer, the thermometer may be used for this purpose)
we cause the heat to be uniformly distributed throughout the

body of the mixture, and so eliminate a further source of error.

It will be obvious that the presence of the calorimeter must
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modify the calculation involved, for when the hot liquid is intro-

duced, not only is heat absorbed by the cold liquid, but also by
the cold calorimeter. The equation now becomes :

Heat lost by hot liquid
= heat gained by cold liquid

+heat gained by cold calorimeter.

Let w1 =mass of calorimeter.

Ci= specific heat of the material of the calorimeter.

Its initial temperature is of course the same as that of the cold

liquid, i.e., <.

Then we now have

MC(6 -t) = mc(t-<t>)+m^(t- <)

=(mc+ m-iC^(t <), by algebra. (ii)

Comparing this with equation (i), Art. 166, it will be seen that

the only difference made by the calorimeter is in the addition

of the term mlc1 to the product me.

We call m1c1 the water equivalent of the calorimeter, because

in nearly all calorimetric experiments the cold liquid used is

usually water, and the effect is just
the same as if no calorimeter were

considered, but instead an additional

quantity of m1c1 grs. of cold water

were used.

For accurate work, since the ther-

mometer and stirrer also absorb heat

from the hot liquid, their water

equivalent should also be added.

It is desirable that the calori-

meter should take up the common
temperature of its contents quickly,
and accordingly this vessel is usually
made of a good conducting material

(see Chapter XIII.), such as copper.
The final temperature of the

mixture is not, however, attained

instantaneously, and if the copper
calorimeter is resting on the laboratory bench, some heat will

be lost during this period to the surroundings. To prevent this

as far as possible, the calorimeter should be well polished

(see Chapter XV.), and should be protected by
"
jackets

"
of

materials which are bad conductors e.g., an air-jacket AA

1777777777

H

FIG. 140. Calorimeter
and Jackets.
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(Fig. 140), and a water-jacket BB. The base of the calorimeter

is protected from BB by three corks.

1 68. Mixtures of Solids and Liquids. Heaters. When a solid

and liquid are mixed at different temperatures, we usually

arrange for the solid to be at the higher temperature. The
transference must be rapid to avoid losses, and the heaters in

which the solids are warmed are designed with this object in

view. Fig. 141 shows one form suitable for a substance which
can be experimented upon in the form of broken pieces, such
as marble or lead shot. It consists of a metal vessel A containing

FIG. 141. Heater suitable for bits of Marble or Lead Shot.

water, closed by means of a stopper C fitted with two holes,
one large and one small. Into the larger hole is fitted a tube
B containing a thermometer embedded in the substance to

be experimented upon. D is an outlet for steam. The water
in A is heated until the thermometer in B has recorded a steady

temperature for some time, and the apparatus is then tilted

over the calorimeter, and the contents of B are quickly poured
out. It will be seen from Fig. 141^ that this may be done
without fear of the water flowing out, provided too much has

not been introduced initially. When the solid is in one piece,
the heater may take the form indicated in Fig. 142. A vessel

A containing water acts as a jacket to a tube B running down the

middle of it
;

the lower extremity of B is bent as shown, and
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emerges at the side of A, the end being open. Fitting exactly
into B is another cylindrical tube D (see Fig. 142^). Its upper
end is closed by a stopper through which passes a thermometer,
and its lower end ab is so shaped as to be able to fit the slop-

ing part of B, thus converting it into a closed tube (Fig. 1420).
This enables us to introduce a solid S and to heat it to a constant

temperature by boiling the water in A. When the temperature
has remained steady for some time, the tube D is rotated by
means of the stopper into the position shown in Fig.

FIG. 142. Heater for Solid Body. . Steam Heater.

and the solid is now able to slip down the sloping end of B into

the calorimeter.

Fig. 143 illustrates a better form of heater, of a type fitted

in all good laboratories. A long brass cylindrical chamber A
is jacketed by another brass chamber B, and this in turn is

surrounded by a packing C of some non-conducting material

like felt or wool. The solid is suspended in A by means of a

thread, and steam is passed through B as shown until a steady

temperature is indicated by the thermometer. The solid is

then quickly lowered into the calorimeter.

169. Newton's Law of Cooling. In spite of the various
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precautions taken to prevent heat losses to the surroundings
during calorimetric experiments, some loss is unavoidable, and
corrections are therefore necessary. These are usually based on
Newton's Law of Cooling, which states that a hot body cools at a
rate which is proportional to the excess of its temperature over that

of its surroundings. Fig. 144 shows two "
cooling curves

"
for

water, connecting temperature with time. The same quantity
was used in each case, but in the one case a bare unprotected
calorimeter was used, whilst in the other the calorimeter was
surrounded by jackets as shown in Fig. 140. The curves
show strikingly the importance of suitably protecting the calori-

meter. The temperature of the laboratory was 15 C., and the

following table shows how Newton's Law was tested at various

points on the curve b :

Pt. on
Curve.
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mation to a more correct law known as Stefan's Law, to which
reference will be made in Chapter XIV. Within small ranges of

temperature, however, Newton's Law is sufficiently accurate for

ordinary purposes.

170. Cooling Corrections in Calorimetry. A simple method
of avoiding heat losses to the surroundings is to arrange for the

initial temperature t^ of the liquid in the calorimeter to be

approximately as much below the temperature t2 of the labora-

tory as the final temperature /3 of the mixture will be above

it, i.e., tz t1 =t3 t2 ' When this condition obtains, the calori-

meter and contents will be receiving heatfrom the surroundings

during the first half of its rise in temperature to /3 ,
and it will

be losing heat to the surroundings during the latter half. The
loss and gain roughly balance, and no correction becomes

necessary. It is not always convenient, however, to cool the

contents of the calorimeter below the temperature of the

surroundings, and usually a direct correction!^ therefore

preferable.
A sufficiently accurate correction for general purposes

1
may

be carried out as follows :

Note the interval of time elapsing between the moment of

introducing the hot body into the calorimeter and the moment
when the highest temperature of the mixture is attained. Call

this x minutes. Now take continuous temperature readings

every half-minute for two minutes. Suppose during this time

the temperature falls 0. If this rate of fall were constant, it

would mean that during the time the temperature is rising, heat
Ck

is being lost to the surroundings at a rate of -
degrees per minute,

and the thermometer reading for the maximum temperature of

the mixture would be short by f
x#J degrees.

But by Newton's Law, the rate of cooling is proportional
to the excess in temperature over that of the surroundings.

Initially the calorimeter is at the temperature of the surround-

ings, and the loss is then zero. It is a maximum when the final

temperature of the mixture is reached, being then degrees.

1 For a more accurate correction the student is referred to a laboratory
manual such as Exercises in Practical Physics, by Schuster & Lees.
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We may therefore consider the average loss for the period to be
half this, so that if 4> be the recorded final temperature, we add

to it
} giving us (<$>-{ ) degrees as the corrected maximum

4 x 4 /

temperature of the mixture.

SPECIFIC HEAT DETERMINATIONS SOLIDS

171. Method of Mixtures. This is the most usual method for

the determination of the specific heats of solids. The solid is

heated to a suitably high temperature in one of the forms of

heater already described, and is then transferred to a calorimeter

containing a known quantity of cold water. The resulting

temperature is noted and is corrected for heat losses by radiation,

conduction, and convection, as shown in the previous article,

and the result is then calculated from the formula

N.Cfft-tJ^mc+m^t-^) (Art. 167)
all the quantities with the exception of C being known.

In the case when the solid in question acts chemically on the

liquid in the calorimeter, a slight modification becomes necessary.
We enclose the substance in a vessel of mass M x and known

specific heat C1; and insert the whole in the calorimeter.

The equation now becomes

This method is obviously suitable for such liquids as strong

sulphuric acid.

172. Drew's Method. A very simple method for the deter-

mination of the specific heats of solids has been suggested by
Drew. The heat is supplied electrically by winding round the

body a coil of wire forming part of an electric circuit. The solid

is in the form of a cylinder, and a small hole is bored to receive

a platinum resistance thermometer or a thermo-couple ther-

mometer. The wire is insulated from the solid by interposing a
thin sheet of mica between them.

It is known that if the resistance of the circuit is R ohms,
and the current is A amperes, then the heat generated is equal

"DA 2

to - - calories per second. Both R and A are very easily

observed, and so the heat supplied electrically is always very
simply determined. For this reason electrical heating is frequently
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adopted in heat experiments, and we shall meet with many
examples of it.

Suppose the current is passed for t seconds.

/. the total heat given to the body=- / calories.

During this time, suppose the temperature of the body (whose
mass is m) is raised from 6 to </>.

Then if c denote its specific heat, we obviously have

from which c is at once determined.

For greater accuracy, we should allow for the

fact that the wire itself is absorbing some of the

heat.

Let 7;^
= mass of the wire, and c^its specific heat.

Then we have

It should not be forgotten that an additional cor-

rection must be applied to allow for heat losses to

the surroundings. The advantage of this method is

that it enables specific heat determinations to be

made at very high temperatures, almost, in fact,

up to the temperatures of incandescence.

SPECIFIC HEAT DETERMINATIONS LIQUIDS

173. Andrews' Calorifer. This simple instrument

resembles a large mercury thermometer. It is shown
in Fig. 145, and has in all three bulbs. The lower bulb,

which may be either spherical or cylindrical, is about

FIG 141; 5 cms - diameter, and the two upper bulbs are about

A , i cm. long and 6 mms. diameter. The stem has an

Calorifer external diameter of about 5 mms. and i mm. bore.

The total length of the instrument is about 30 cms.,

and on the stem are two marks about 9 cms. apart, one above

and one below the middle bulb.

The calorifer is suspended in a metal vessel and heated until

the mercury is well above the upper mark. It is then allowed to

cool, and the instant the mercury reaches the upper mark it is
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plunged into a calorimeter (mass m^ and specific heat c^) con-

taining a known mass m of water (specific heat c) at t C. The
calorifer of course imparts its heat to the water, and the tempera-
ture /2 C. is noted at the instant the mercury has fallen to the

lower mark.
The total heat given up by the calorifer is therefore equal to

(mc+m1c1)(t2 t1) calories.

The experiment is now repeated, using in the calorimeter the

liquid whose specific heat is required.
If M is the mass of the liquid and C
its specific heat, and if

(<f> 0) is the

rise in temperature observed, then we
at once have

from which C can be calculated.

174. Specific Heat of Liquids by
Method of Cooling. This is an appli-
cation of Newton's Law of Cooling.
Heat some liquid in a calorimeter up
to, say, 100 C., and then suspend it

in an enclosure (Fig. 146) and let it

cool. We have already seen (Fig. 144)
FIG. 146.

that at any given temperature 0, the

rate of decrease of temperature per second can be determined
from the temperature-time curve.

Let w= mass of the liquid, and =its specific heat.

m1
=

calorimeter, fl
=

Let x =the rate of fall of the temperature per second at the

temperature 0.

Then the heat lost per second^mc + m^c-^^ calories.

This quantity is independent of the nature of the liquid ; it

depends only upon the temperature and upon the weight of the

liquid and calorimeter.

Now repeat the experiment, using in the calorimeter the liquid
whose specific heat is required.

Let M=its mass, and C=its specific heat.

Draw up a cooling curve, and determine from it the rate of
fall 2 of the temperature per second at the temperature 0.

Then the heat lost per second=(MC+m1<:1)0 2 .

Hence we have
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(MC+ mjcjfii=(mc+ m^c^ft^

whence

from which C may be determined.

In the actual experiment it is usual to determine the time

taken for the temperature to fall i between, say, 30 and 29 in

.. ... .. fall in temperatureeach case. The rate of fall will then be equal to-
-j TjBljj

i.e.
'
time of fall from 30 to 29

Hence we have

MC+w1<:
1 _time of fall from 30 to 29 for water

mc-{-m1c1 time of fall from 30 to 29 for liquid

This saves plotting a curve, and is therefore very convenient.

The result is checked by taking the time of fall at two or three

different temperatures.

175. Barnes* Constant Flow Method. This was a very accurate

electrical method suggested and devised by Callendar and carried

out by Barnes in 1902. The object was to determine the specific

Va. c u,u,m,.

pi
Jacket

FIG. 147. Barnes' Constant Flow Method of determining the

Specific Heat of Water.

heat of water at various temperatures between o C. and 100 C.

The water to be heated was sent through a narrow tube CD (Fig.

147) in a steady stream. It was heated by an electric current

passing along a thin wire AB, the material of which (platinum or

permanganene) had a very high electrical resistance. Beyond
A and B the circuit was completed by thick metal leads. The
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entering and leaving temperatures of the water were indicated

by two platinum resistance thermometers pt.

To avoid losses from the sides, the tube CD was jacketed by a

vacuum tube E, and this in turn was surrounded by a cold-water

jacket F.

The electrical data for the experiment are accurately deter-

mined by suitable instruments. If V equals the difference of

electrical potential between the two ends of the heating wire,

and A is the current which passes, then we know that the heat

AV
supplied electrically per second to the water is equal to -

4.2

calories.

Suppose in one second m grams of liquid flow through the

apparatus, and that the temperature is raised during the passage
from t to /1 .

Let =the specific heat of the liquid.
Then the heat absorbed per second = mc(t1 t ).

Hence if no heat is lost from the sides of the apparatus, we have

AV

from which c may be determined.

A correction, however, has to be applied on account of the

fact that some heat is inevitably lost from the sides.

This is estimated by finding what small current it is necessary
to pass through the apparatus at any given temperature to

maintain it at that temperature.

Obviously, by varying the temperature at which the water

enters, the specific heat may be determined over a wide range
of temperatures.
The following were some of Barnes' results for water (1902) :

Temperature. Specific Heat.

C. 1.006
20 C. .996

40 C. .995
60 C. .997
80 C. .999
TOO C. 1.002

A minimum value was obtained at 37.5 C.
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SPECIFIC HEAT DETERMINATIONS GASES

176. The Two Special Cases. When we turn our attention

to the determination of the specific heats of gases, we are con-

fronted with the fact that for this group of substances pressure-
and volume-changes with temperature are very marked, and as

we shall see in Chapter XVI .,
the specific heat of a gas is different

for every new set of conditions of pressure, volume, and tempera-
ture. Accordingly, the term

"
specific heat

"
can have little

value without restricting the gas to some

qualifying set of conditions.

The conditions which are found to give
values of great importance are :

(a) Constant volume.

(b) Constant pressure.
These we shall consider in turn.

177. Specific Heat of a Gas at Constant

Volume. Method of Mixtures. It is

FIG. 148. possible to use the method of mixtures by
enclosing the gas under high pressure,

say 100 atmospheres, in a little bomb (Fig. 148). This is heated
to between 200 C. and 300 C., and it is then immersed in a
calorimeter containing cold water.

Let M = mass of gas, and C=its specific heat.

M
1
= bomb, C1= ..

m= water, c= ..

m
l
=

calorimeter, c=
,,

6 = initial temperature of the water in the calorimeter.

</>= bomb and gas.
t == resulting temperature of the mixture.

Then we have

from which C may be determined. A preliminary experiment
with the bomb evacuated is of course first necessary in order

to determine the water equivalent of the bomb. This is not an
accurate method, owing to the fact that even at 100 atmospheres
pressure the mass of the gas is very small compared with the

rest of the apparatus, and as its specific heat is also small, the

quantity of heat it absorbs or loses is very small compared with
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that of the bomb and calorimeter, so that errors in the readings
affect the result very seriously.
A much more accurate method, based on latent heat determina-

tion, is given in the next chapter.
It is usual to denote the specific heat of a gas at constant

volume by cv .

178. Specific Heat of a Gas at Constant Pressure (cp).
Constant Flow Method. Barnes' Constant Flow Method,
already described for water, is obviously applicable to gases.
A stream of gas at constant pressure is passed through the

capillary tube instead of the water
;
the observations are made

and the results obtained exactly as with liquids.

Regnaulfs Experiment. A method due to Regnault is

illustrated in Fig. 149. The gas is stored in a reservoir A, and is

lead along a copper tube into an oil-bath B. The gas supply
is regulated by means of a conical screw R, and its pressure is

indicated by the manometer M. The oil-bath B is maintained
at a high temperature, and the gas is brought up to this tempera-
ture by being sent round a long spiral coil. It emerges from
the oil-bath, and is passed through the calorimeter C, and is

then allowed to escape into the air. The stream of hot gas will

of course gradually raise the temperature of the calorimeter and
its contents.

Let M = the mass of gas passed through the calorimeter during
the experiment.

cp
= its specific heat at constant pressure.

/= the temperature of the oil-bath B, i.e., the tempera-
ture at which the gas enters the calorimeter.

/j
= the initial temperature of the calorimeter and its

contents.

/2
= the final temperature of the calorimeter and its

contents.

m= the mass of water in the calorimeter.

c= its specific heat.

m
l =mass of calorimeter.

c = its specific heat.

Then the total heat absorbed from the gas by the calorimeter
and contents

=(w + ;ii)(*2~~ tj) calories.

Now the gas always issues into the air at the temperature of

the calorimeter. Therefore at the beginning of the experiment
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the cooling of the gas is from / to tj, i.e., (tt^, whilst at the

end it is from t to /2 ; i.e., (t t^).

Hence the mean cooling during the experiment
t-tl +t-t2

_ .!<+*

.'. heat given up by the gas to the calorimeter and contents

Hence

from which ^ may be calculated.

Corrections for heat losses are of course applied.
This method gives fairly reliable results. The objection that

the mass of the gas is small, to which reference was made in

the
" bomb "

experiment for constant volume, does not obtain

here. The gas not being stored, but being allowed to escape,,
we are able to pass a considerable mass through the apparatus.

Holborn and Henning, in 1907, considerably extended the

utility of Regnault's method. Instead of heating the gas in an

oil-bath, which necessarily gives only a small range of tempera-
ture, the gas was passed through a porcelain tube into an
electrical furnace, and by this means the specific heat could be

determined up to about 1400 C.

In addition to this, a further improvement was effected by
attaching to the exit tube of the gas from the calorimeter a very
small opening fitted with different nozzles. By this means they
were able to alter the pressure in the whole apparatus up to

several atmospheres. Specific heats were thus obtained under
a variety of conditions of temperature and pressure. Paraffin

oil was substituted for water in the calorimeter.

GENERAL RESULTS FOR SPECIFIC HEATS

179. Solids. In general, the specific heats of solids are less

than unity. For metals the values are usually in the region of .1,

whilst for other substances they are of the order .2 to .5.

There are many variations from these limits.
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For nearly all solid substances, the specific heat increases with

temperature, and for metals this increase is of the order 10% per
100 increase in temperature. In the case of iron, the rate of

increase is much more rapid than this.

If c
t
denote the specific heat at f C.,

and c o C.,

then provided the range of temperatures is not wide, the results

may generally be expressed

For wide ranges of temperature an additional term k-jP would
be necessary.
The following values are due to Naccari (1889) :

CQ k

Copper .....09205 .0002308
Silver .....05449 .0003928
Aluminium . . . .21116 .0004493
Zinc .... .09070 .0004895
Nickel .... .10427 .0009070
Iron .... .10442 .0010291

For non-metals the rate of increase of specific heat with

temperature is very exceptional in the cases of carbon, boron,
and silicon. Thus Weber has shown that while at normal

temperature the specific heat of diamond is about .1, at 100 C.

it is .19, at 600 C. it is .44, whilst at about 1000 C. it is .46.

Similarly c for graphite varies from .15 at o C. to .47 at

about 1000 C. Boron and silicon show similar remarkable

changes in their specific heat values with temperature.

Influence of Solid Forms. When a solid is obtainable in

different crystalline forms, the specific heat seems always to

come greatest for that form for which the density is least. The

following results for sulphur, due to Wigand^go
1

]), are typical :

Sulphur

Form. Density.
SP^C

Rhombic . . . 2.06 .173
Monoclinic . . 1.96 .181

Amorphous (insoluble) 1.89 .190

(soluble) . 1.86 .248

180. Dulong and Petit's Law. In 1819 Dulong and Petit



SPECIFIC HEAT '95

formulated the following law, now known by their names : For

solid elements, the product of the atomic weight and the specific

heat is a constant and equal to 6.4, i.e., the amount of heat neces-

sary to raise the temperature of one
"
gram-atom

"
by i is the

same for all substances.

We speak of this product as the atomic heat.

It will be seen from the following values that this law is not

rigidly obeyed, and that in some cases, notably boron and carbon,
the deviations are serious :

Element.
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results were worked out at the same temperature. Seeing, how-

ever, that the melting-points for all these substances are so very

different, it was thought advantageous by some to compare the

results at temperatures equally removed from, and near to, the

melting-points. The atomic heats came out about the order 9.5,
but the general agreement was no better than at ordinary

temperatures.

Obviously, however, the results are sufficient to justify the

view that the agreement is not due to chance, and Dulong and
Petit's Law is therefore most probably a first approximation to

some more general law yet to be discovered.

Richard Researches. In 1893 Richarz attempted to explain

theoretically the divergences from Dulong and Petit's law of

certain substances. The kinetic theory, it will be remembered,
tells us that when the temperature of a substance is raised, the

molecular effect is twofold. Part of the heat energy supplied
causes an increase in the oscillatory motion of the atoms, and
therefore increases their kinetic energy of translation, and part
of it helps to overcome the attraction between the molecules and
increases their mean distances apart, i.e., increases their potential

energy (see Art. 255). Richarz' theory is that when the tempera-
ture of a substance is raised by one degree, it is the increase in

the kinetic energy of translation which is constant, and not the

total increase in energy, as would be the case if Dulong and
Petit's law were correct. It is in the other factor that we must
seek the cause of the deviations.

Richarz shows that the increase in the potential energy will

only be proportional to the increase in the kinetic energy when
the ratio of the mean displacement of an atom from its mean

position during its oscillation to the mean distance apart of the

atoms is small;

i.e., let d denote the mean distance between the atoms,
and a displacement of an atom from its

mean position during its oscillations.

Then the increase in potential energy will be proportional to

the increase in the kinetic energy if
a

is small. In general, this

ratio is small, and hence for the majority of substances Dulong
and Petit's law is fairly true.

The ratio will obviously be great if (i) d is small
; (2) a is
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great. We may represent the mean distance d between the atoms

by ^atomlcToIume", the atomic volume being=
atomic weight

.

density
Hence it follows that the deviations will be greatest for bodies

having small atomic volumes.

Also, given that the increase in the kinetic energy per degree
rise in temperature is the same for all substances, the deviations

will be great for bodies whose atoms are light, since the length of

oscillation is governed by the mass of the atom the lighter the

atom, the greater the displacement.
Hence we should expect a maximum deviation from Dulong

and Petit's law for those solids whose atomic weights and
atomic volumes are both small.

If we take a typical solid like sodium, whose atomic weight
and atomic volume are both relatively large (23 and 23.7 respec-

tively), we find the atomic heat comes to 6.7, a fairly normal

value. Lithium, with a very small atomic weight (7), yet has a

fairly big atomic volume (n), and here again we get a normal
value for the atomic heat (6.4). Boron, carbon, and berylium,

however, all have both small atomic weights (9.1, n, and 12)
and small atomic volumes (5.6, 4.0, and 3.6), and for each of these

the deviation from the normal for the atomic heat is very great.

Recently Richarz has carried his researches further. All the

specific heat results considered in Dulong and Petit's law are

those at constant pressure. Richarz' work shows that atomic

volumes are an important factor, and in 1908 he worked out

the atomic heats at constant volume. He found in almost every

case, including boron, carbon, etc., he obtained a value of 6.0.

181. Molecular Heat. Following on the discovery of Dulong
and Petit's law, attention was turned to the case of compounds
whose constituents are solid elements. Generally speaking, it

may be said that the molecular heat of a solid compound is equal
to the sum of the atomic heats of its constituents.

e.g., By calculation, the molecular heat of lead iodide (PI 2)

is 6.5 +(6.8 X2)=2o.i, and Regnault found by experiment a

value of 19.6.

For solid compounds containing gaseous elements, such as the

chlorides and the oxides, it is found that a scheme of molecular
heats may be obtained which agrees with the experimentally
determined values if we assign to the gaseous elements certain

definite values (other than 6.4) for the atomic heats.
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Denoting by M' the metal-atom whose valency is i,

and by M" 2, etc., the

followingarethetheoreticalmolecularheats of suchcompounds :

M"O 10.9) ~ .,

M 2'"03
. 26.9l

XldeS

M'N03 . . 24 Nitrates

M*S04 . . 26.4 Sulphates
M*CO3 . . 21.4 Carbonates

182. Results for Liquids. The specific heats of liquids vary
as a rule from .2 to .5 ;

water is an exception. For liquids the

rate of increase of specific heat with temperature is generally

much more rapid than in the case of solids. Mercury is an excep-
tion to this ;

its specific heat decreases very slowly with tempera-
ture. Water, as we have seen, is also an exception (see Barnes'

results, Art. 175). When we have a mixture of two liquids, it is

found that there is an approximate agreement between the

specific heat of the mixture and that which would be calculated

according to the law of mixtures,

tm

Mixtures containing alcohol, however, seem to deviate from this,

the specific heats being higher than those obtained by calculation.

183. Results for Gases. For gases, a marked difference is

found between the specific heat values at constant pressure and
at constant volume. The following values are due to Joly:

cv cp
Air . .172 .23
Carbon dioxide . . .171 .21

Hydrogen . . .2.40 3.40

The true significance of these differences will be fully discussed

in Chapter XVI.

Regnault found as a result of his experiments that at constant

pressure the specific heat of a gas is nearly independent of its

temperature. Recent work by Holborn and Henning (see Art.

178), however, shows that the specific heat definitely increases

with temperature. The following are some of the results obtained

(1907) for cp\
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Nitrogen .

Carbon dioxide

oC.

235
.201

200 C. 400 C. 1400 C.

.243 .250 .288

.229 .252 .303

It has also been found that cp increases with pressure for gases
and vapours at a rate of from .3% to i% per atmosphere increase.

184. Comparison of Specific Heats in the three States. A
comparison of the specific heat values of a substance in its three

different states shows that as a rule the highest value is that for

the liquid state, and that the specific heat in the solid state is

greater than that in the gaseous state
;

C C C
""'

Liquid Solid

The following are typical examples :

Gas

Substance.
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5. Define the term "
specific heat."

A calorimeter the thermal capacity of which is 12 contains 200
grs. of oil of specific heat 0.5, the temperature being 10 C. One
hundred grams of copper (specific heat o.i) at a temperature of

ioo C. are introduced into the oil. Find the resulting tempera-
ture of the mixture. [L. Matric.]

6. The quantity of heat required to raise the temperature of a

given weight of turpentine from 50 C. to 70 C. is considerably
greater than the amount required to raise it from 30 C. to 50 C.
Describe how you would test this statement, and explain how you
would satisfy yourself that the observed result could not be attri-

buted to unavoidable errors of experiment. [L. Matric.]
7. State Newton's Law of Cooling. How could you verify it

experimentally ?

8. Give a general account of the errors which are liable to occur
in calorimetry, and state how each is allowed for in the designing
of the apparatus and in the calculation of the results.

9. 960 grs. of water at 15 C. are contained in a calorimeter
whose weight is 200 grs., and whose specific heat is 0.2. 500 grs.
of water at 65 C. are then introduced. Calculate the resulting
temperature of the mixture. [L. Inter. Sci.]

10. A mass of 200 grs. of copper, whose specific heat is 0.095, *s

heated to 100 and placed in 100 grs. of alcohol at 8 C. contained
in a copper vessel whose mass is 25 grs., and the temperature rises

to 28.5. Find the specific heat of alcohol. [L. Inter. Sci.]
11. How would you attempt to measure the amount of heat given

out when water and sulphuric acid are mixed ? [C. Sp.]
12. Distinguish between "

specific heat
" and capacity for heat.

Describe carefully how you would determine the capacity for heat
of a piece of metal. [C. Sp.]

13. A piece of metal weighing 2 Ibs. is known to be a mixture of
iron and copper, the specific heats being respectively o. 1 1 and 0.086.
It is heated to 100 C. and dropped into a calorimeter of total water

equivalent 2.5 Ibs. and initial temperature 15 C. The temperature
rises to 21 C. Find the weight of each ingredient. [C. B.A. II.] |

14. A copper vessel contains 100 grs. of water at 12. When
56 grs. of water at 30 are added the resulting temperature of the
mixture is 18. What is the water equivalent of the vessel? A
calorimeter with water equivalent 12 contains 100 grs. of water at
12. When 100 grs. of metal at 100 are added, the resulting tempera-
ture of the mixture is 20. Find the specific heat of the metal.

[L. Inter. Sci.]

15. Explain how the specific heats of two liquids may be com-

pared by the method of cooling. What are the objections to this

method? [L. Inter. Sci.]
1 6. How have the variations in the specific heat of water with

temperature been investigated ? Summarise the results.

17. Give an accurate method for the determination of the specific
heat of a gas at constant pressure. How may the apparatus you
describe be modified to enable the experiment to be carried out at
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very high temperatures? How are such temperatures found to

affect the result?

1 8. Why is it difficult to measure the specific heat of a gas by
the method of mixtures? What weight of gas of specific heat 0.25

entering at 100 would require to pass through an apparatus of

which the heat capacity was 50 calories per degree before raising
the temperature from 15 to 17? [L. Inter. Sci.]

19. Write an account of Dulong and Petit's Law. How have the
deviations from it been explained ? How may the law be extended
to solid compounds?
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CHAPTER XI

LATENT HEAT AND ITS APPLICATIONS TO SPECIFIC HEAT
DETERMINATIONS

185. Latent Heat of Change of State. It has been pointed out
that when a solid is converted into a liquid, or a liquid into a gas,
heat must be absorbed by the substance for the change of state

to be possible. Conversely in converting a gas into a liquid or a

liquid into a solid, heat must be extracted from the substance.

Further, although in the one case heat is being supplied to, and
in the other case extracted from, the body, its temperature
during the process of the change of state remains constant, the

heat energy absorbed or emitted being utilised solely for produc-
ing the change of state.

We speak of the heat utilised in changing a substance from the

solid to the liquid state, or vice versa, as the latent heat offusion
of the substance, whilst the heat utilised in changing a liquid
into a gas, or vice versa, is referred to as the latent heat of

vaporisation of the substance.

We define the latent heat of fusion of a substance as being the

amount of heat required to change i gram of the substance at the

temperature of its melting-point from the solid state to the liquid
state at the same temperature.

Similarly, the latent heat of vaporisation of a substance is

defined as the amount of heat required to change i gram of the

substance at the temperature of its boiling-point from the liquid
state to the gaseous state at the same temperature.
The latent heat of vaporisation of a substance is usually much

higher than the latent heat of fusion. The following are typical
values :

Substance.
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1 86. Latent Heat Values. The following are the latent heat

values for some of the commoner substances, in ascending order

of melting-points and boiling-points :

Latent Heat of Fusion (calories)

Mercury . . .2.8 Tin.... 14.6
Ice . . . .80 Bismuth . . . 12.6

Nitrobenzene . . 22.3 Cadmium . . 13.7
Formic acid . . 55.6 Lead . . -5-7
Acetic acid . -43 Zinc . . .28
Yellow phosphorus . 5.2 Silver . . . 21.1

Spermaceti . -37 Cast iron (white) . 33
Beeswax (unbleached) 42.3 ,, (grev)

23

Naphthalene . -35-6 Platinum . . 27.2

Sulphur . . . 9.4

Latent Heat of Vaporisation (calories)

Carbon dioxide . 49.32 Benzol ... 93

Anhydrous ether . 90.7 Absolute alcohol . 208.9
Carbon disulphide . 86.67 Water . . . 537
Acetone . -130 Acetic acid . .102
Chloroform . . 80 Turpentine . . 74
Bromine . . 45.6 Mercury . . 62

Methyl alcohol . 263.86 Sulphur . . . 362

The student should notice the relatively low values for the

latent heat of fusion for the elements.

187. Calculations involving Latent Heat Values. Let L denote

the latent heat of fusion of a solid of mass m. Then for every

gram of the solid at the temperature of its melting-point, L
calories are required to convert it into liquid. Hence in all m L
calories must be supplied to it. Suppose, however, the solid is

initially at some temperature < below the melting-point 6.
Then in order to melt it, it is first necessary to heat the body up
from

<f>
to 9.

The heat required for this operation = mc(Q <f>) calories, where
= the specific heat of the substance.

Hence the total heat necessary just to melt the solid

=mc(Q-<f>)+mL
=m[L-\-c(Q <j>)]

calories.
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The following example is typical of the calculations involving

specific heat and latent heat values :

Example. Calculate the total amount of heat necessary to

convert 10 grs. of ice at 5 C. to steam at 115 C., given
that the latent heat of fusion of ice = 80

vaporisation of water= 53 7

specific heat of ice =
.5

water = i

and steam .48

Solution. There are five stages in the operations, as follows :

(1) To convert 10 grs. of ice at 5 C. to ice at o C.

(2) 10 o C. to water at o C.

(3) 10 water at o C. 100 C.

!4)

10 100 C. to steam at 100 C.

5) 10 steam at 100 C. 115 C.

(1) Heat required for Stage i. =mass of ice x its specific heat

x rise in temperature
= 10 x.5 X5
=

25 calories.

(2) Heat required for Stage ii. =mass of ice x latent heat of ice

= 10x80
= 800 calories.

(3) Heat required for Stage iii.=mass of water x specific heat

x rise in temperature
= 10 x i xioo
= 1000 calories.

(4) Heat required for Stage iv. = mass of water x latent heat of

steam
= 10x537
= 5370 calories.

(5) Heat required for Stage v. =mass of steam x specific heat

x rise in temperature
= 10 x.48 xi5
= 72 calories.

/. total heat required =25+800 + 1000 + 5370 + 72
= 7267 calories.

LATENT HEAT DETERMINATIONS

188. Latent Heat of Vaporisation by Method of Mixtures.

The theorv of the
" method of mixtures

"
for the determination
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of the latent heat of vaporisation of a liquid is very simple.
The usual determination is that for water. Steam is produced
in a flask A (Fig. 150), and is carried along a delivery tube into

a copper condenser C immersed in a calorimeter B containing
cold water. As the steam passes through, condensation takes

place, and the condensed steam collects at the bottom of the

condenser, the latent heat being given up to the water and the

calorimeter. The rise in

temperature is carefully
noted.

In carrying out the ex-

periment, the delivery tube

from the boiler A is not

immediately connected with

the condenser
;

we wait

until a steady flow of steam
has been issuing for some

time, and the connection,
which is a loose one, so as to

be made quickly, is then

made, the time being noted.

Steam is then passed

through the apparatus for

a short time, and the tube from A is disconnected suddenly,
the time being again noted. The temperature continues to

rise a little after disconnection, owing to the fact that the

water in the calorimeter does not absorb the heat from the

condenser instantaneously, and the time at which the maximum
temperature is reached is carefully noted. Half-minute read-

ings of the temperature are then taken for two minutes, and
a
"
cooling correction" is applied as explained in Art. 170.

By weighing the calorimeter, condenser, and contents before

and after the experiment, the total amount of steam condensed
can be found.

Let M = mass of steam condensed.

L= its latent heat.

/2
= initial temperature of the steam (i.e., boiling-point

corrected for barometric pressure).

/!
= initial temperature of calorimeter and contents .

m= mass of water in calorimeter.

c= its specific heat.
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Let /! = mass of calorimeter and condenser (both of same

material).
c
l
=

specific heat of calorimeter and condenser.

0= final temperature of mixture (corrected for cooling

losses).

Then heat lost by steam= heat gained by calorimeter and
contents.

Now heat lost by steam = heat lost in changing M grs. of steam
at t2 (boiling-point) into water at

same temperature
+heat lost by M grs. water at t2 in

cooling to 6

=ML+M<;(*2 -9) calories.

Also heat gained by calorimeter and contents

Hence we have

giving ML
_ lll . 2 .

z.e.,L
= n^ -calories.

A difficulty which arises in this experiment is due to the

condensation of some vapour in the delivery tube to the con-

denser before the steam reaches the calorimeter. To avoid this

the tube is sloped upwards, so that any condensed vapour may
flow back to the boiler, but it is also advisable as an additional

precaution to protect the delivery tube from its cold surround-

ings by swathing it in some non-conducting material.

In spite of these precautions, however, this is still a serious

source of error, and with a view to overcoming this difficulty,

a modification of the apparatus has been devised by Berthelot.

189. Berthelot's Apparatus. The liquid of which the latent

heat is required is boiled in a glass vessel A (Fig. 151) heated by
means of a ring burner B underneath it. The vapour is carried

down by way of a vertical tube, the upper orifice of which is

above the surface of the liquid. This tube is connected with a

spiral tube immersed in the cold water in the calorimeter, and
as the steam passes along this spiral tube it condenses and is

collected in a vessel C which communicates with the atmosphere

by the tube D.

The calorimeter is suitably protected by jackets and lid from
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heat losses to the surroundings and gains from the ring-burner,
whilst the thermometer is protected from the flame by means of

a partition of asbestos E.

The calculation is very simple, and should offer no. difficulty
to the student.

190. Latent Heat of Ice by Method of Mixtures. To determine

the latent heat of ice by the method of mixtures, a suitably

protected calorimeter of mass
m1 and specific heat c is about
half filled with, say, m grs.

of water at a temperature t a

little above the temperature of

the room, say 20 C. A piece
of ice weighing about 10 grs. is

then taken, quickly dried with

a piece of blotting-paper, and
introduced into the calorimeter.

The whole is kept well stirred.

As the ice melts, it extracts

heat from the calorimeter and
its contents, and the tempera-
ture therefore steadily falls. A
small fraction of this fall is con-

tributed by the heat losses of

the apparatus to the sur-

FIG. 151. Berthelot's

Apparatus.

roundings, and this must be allowed for by a suitable correction.

Let 6 be the final corrected temperature at which the mercury
thread ceases to fall and begins to rise.

If M =mass of ice at o C.

and L = latent heat of ice,

then heat lost by the calorimeter and contents = heat gained by
the ice.

Now the heat lost by the calorimeter and contents

=(nic-\-m^c^(t 0) calories.

Also the heat absorbed by the ice= heat necessary to convert

M grs. of ice at o into water at o-f heat necessary to raise the

temperature of M grs. from o to 9

=ML+M<9-o).
Hence ML +M*6 ^(mc+mjC^t -6),

whence L
. .

calones '
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^ 191. Latent Heat of Fusion by Cooling Curve Method. A very

simple method suitable for the determination of the latent heat

of fusion of any substance which has not a very high melting-

point is that of taking the substance in the solid form, heating
it to a convenient temperature above that of its melting-point,
and then introducing it into a calorimeter suspended in an air-

jacket (Fig. 152) further surrounded by a water-jacket.

Temperature readings are then taken every half-minute until

the body is well below the tem-

perature of its solidifying point,
and a curve is drawn up as

shown in Fig. 153. From it, as

has already been shown (Art.

169), the rate of cooling corre-

sponding to any temperature
may quickly be found by
measuring the slope of the

curve at that temperature.

During the solidifying stage,
the curve becomes the straight
HneAB.

Let 6= the temperature of

the freezing-point.
c1 =the specific heat in

FIG . I5 2. the liquid state.

6'= the fall in tempera-
ture per second [as measured on the curve at the point A, i.e.,

at the commencement of freezing.

Let ;w=mass of liquid used.

Then the heat lost per second at A= mcfi'.
We now measure the fall in temperature per second at B,

giving the rate of fall in the solid state at the temperature 0.

Let this rate be 6".

Let 2=the specific heat of the substance in the solid state.

Then the heat lost per second at ~B=mc2Q" calories.

If the observations are made exactly at the freezing-point,
we have mc-ft=mcf calories.

Actually, however, this is impracticable, and we can only
obtain values a little above A and a little below B. Accord-

ingly mcjQ' will be a little too big, and mc2Q" will be a little too

small. Accordingly we take the mean.
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.'. actual loss of heat per second at the freezing-point

mcfi'+mcfi"_ i *
calories.

Let 2= the time in seconds during which solidification was

completed.
.'. total loss of heat during the process of solidification

Solidifying

Stzxge

Time
FIG. 1 53. Cooling Curve for Latent Heat Determination.

Let L= latent heat of fusion of the substance.

/. total heat emitted during solidification= wL.

T rofoHence mL=
.

. t.

_
-L<

192. Influence of Pressure and Temperature on Latent Heat.
It will be shown in Chapter XVII. that the latent heat of a sub-
stance is affected by pressure and temperature changes, the rule

being that the increase in the latent heat per degree rise of the

temperature of the change of state is equal to the difference between
the specific heats of the substance in the higher and the lower of the

two respective states ;

o
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n

i.e., if 2=the specific heat in the higher state

and q= lower

Increase in Latent Heat ~ C*Increase in Temperature of Change of State

Since pressure is proportional to temperature, the same applies
to pressure changes.

It will be remembered that the specific heat in the liquid state

is always greater than the specific heat in the solid and in the

gaseous state.

Hence in changing from liquid to solid or vice versa, whether
the freezing-point increases or decreases with increase of pressure,
the change in the latent heat is always positive.

e.g., The melting-point of ice decreases with increase of pres-

sure, whilst that of phosphorus increases. The following results

illustrate the influence on the latent heat of fusion :

Ice (Pressure Increasing).
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193. Total Heat. It will be noticed that the last column of

the table just given refers to the total heat of the water. This is

defined as the amount of heat required to convert i gram of water
at o C. into steam at t C. It is usually denoted by H. It used
to be thought that H was constant and independent of the
variations in the boiling-point, but the table shows that in fact

it slightly increases with the boiling-point. Regnault gives the

following formula :

H= 606.5 + .3056,
where denotes the boiling-point.

APPLICATIONS OF LATENT HEAT VALUES TO SPECIFIC
HEAT DETERMINATIONS

194. Bunsen's Ice Calorimeter. By making use of the known
values for the latent heats of ice and steam, several very useful

methods have been devised for the determination of the specific
heats of substances. One of E
these is the Ice Calorimeter

method due to Bunsen. It is

illustrated in Fig. 154. The

apparatus is essentially a

sensitive form of dilatometer

into the bulb B of which is

fused a large test-tube A. The
stem leading from B is bent

upwards as shown, and termi-

nates in an enlargement D.
This is fitted with a rubber FlG I54._Bunsen's Ice

stopper through which passes Calorimeter,
a graduated capillary tube DE
bent so as to be horizontal. Imprisoned in the bulb B by a

column of mercury CD is some cold water from which all traces

of dissolved gases have been removed by boiling. The mercury
thread completely fills the stem, and, by pushing the stopper
D in sufficiently, is made to reach about halfway along the

capillary tube DE. It is first necessary to obtain a thick

coating of ice round the bottom of the test-tube A. For this

purpose the apparatus is immersed in an ice-bath F, and some
ether is poured into A. By bubbling air through the ether rapid

evaporation is induced, and the heat required for this is extracted
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from the water in B round A. A coating of ice is formed, and the

presence of the ice-jacket F causes this to grow steadily until a

sufficient thickness has been attained. Some ice-cold water is

now introduced into A, and the solid whose specific heat is

required is introduced at a high temperature (from a heater).
It is prevented from breaking the tube in falling by interposing
at the bottom some protecting substance G such as wool. A is

then corked up to protect it from heat losses to the surroundings.
The heat from the hot solid is gradually given up to the walls of

the test-tube, and is thence transmitted to the crust of ice round
it. Some of this therefore melts, but in so doing contracts in

volume, thus forcing the mercury level at C up. In consequence
the mercury thread in the capillary tube DE recedes. This will

of course continue until the temperature of the solid in the test-

tube has been reduced to o C., after which no more ice will melt

on this account.

If / =the initial temperature of the hot solid,

w= the mass of the solid,

<r= the specific heat of the solid,

then the heat given up to the calorimeter= mc(to)
inct calories.

Let L=the latent heat of fusion of ice.

z>= the decrease in volume registered by the capillary
thread during the experiment.

,, ^!
= the decrease in volume which occurs for every gram

of ice melted.

Then = the mass of ice melted during the experiment.

.*. heat gained by the ice = L.
vi

Hence we have L= nict,

*i
v L

giving,^
-

The quantities on the right-hand side are all known except v.

This must therefore be determined by a preliminary experiment.
For this purpose we use a solid whose specific heat we know, so

that using equation (i) v^ is at once calculated.

Once this is determined, the value may be used for all subse-
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quent experiments with the same instrument. The equation
ma be re-written

and since L and v are both constant, we have

c-VL
mt

where K is the constant of the instrument.

It is better, however, to avoid the actual use of the value for

L, owing to the uncertainty which exists as to its exact value.

In the preliminary experiment, if M is the mass of the solid,
C its known specific heat, and 6 its initial temperature, then

denoting by V the observed decrease in volume during the

experiment,

gvng _

and equation (2) now becomes

v rCMOn=L J

We are thus independent of any actual values for L.

Although this apparatus is known as Bunsen's Ice Calorimeter,
it should be understood that we are not bound to use ice. Any
liquid which can conveniently be frozen is suitable, and as a

matter of fact ice is not suitable. The temperature of the labora-

tory being many degrees above zero, there will always be a flow

of heat from the surroundings to the instrument, so that even

before the solid is introduced into the test-tube some of the ice-

crust is constantly being melted. This means that there is a

persistent and unavoidable movement of the mercury thread in

the capillary tube when such movement is not wanted, and
corrections have therefore to be applied on this account.

We may avoid the necessity for such corrections if it is possible
to use a liquid whose freezing-point coincides roughly with the

normal laboratory temperature of about 15 C. Acetic acid is

such a liquid ;
its melting-point is 16 C., and it is therefore

preferable to water.



214 A STUDENT'S HEAT

195. Joly's Steam Calorimeter. Just as Bunsen utilised the

latent heat of ice in his calorimeter, so Joly has made use of the

heat given up by steam in condensing round a cold body in order

to determine the specific heat of the body. His apparatus is

shown in Fig. 155. Suspended from the left arm of a balance by
means of a fine platinum wire is a copper or platinum pan B
upon which the solid C whose specific heat is required is placed.

Surrounding this is a steam-chamber A suitably jacketed with

a non-conducting material as shown. The initial temperature of

FIG. 155. Joly's Steam Calorimeter.

the chamber having been noted, we balance the body by weights
on the other pan.
Steam is now passed through the vessel, and as it comes into

contact with the cold parts, some of it condenses. The drops
which form on the roof of the vessel are prevented from falling on

the pan by the thin shield gg. Hence the drops which collect on

the pan B are due solely to the pan and to the solid C. This

condensation will continue until the temperature of the chamber
has risen to that of the steam, say f C. (usually 100).
We determine the mass of steam condensed by adding weights

to the right-hand pan to produce balance.

Part of this weight is due to the solid, and part to the pan.
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Let M=mass of steam condensed by the solid.

^1= pan.
L = latent heat of vaporisation of water.

.*. heat given up by the steam=(M+MX)L calories.

Outlet
for Steam

LFic. 156. Joly's Differential Steam Calorimeter.^

Also, if m mass of solid,

c= its specific heat,
w 1
= mass of pan,

x
= its specific heat,

then heat gained by solid and pan=(mc+m1^1)(/ tt) calories.

Hence we have (mc-\-m^c-^(i /
1)=(M+M 1)L,
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from which c may be calculated if c
l
be known. This entails a

preliminary experiment in which the pan alone is used, the solid

C being removed.
We now have m^c-^t /1)

=M 1L;
from which c^ can at once be

determined.

The advantage of this method is that the whole experiment

Outlet

FIG. 157. Joly's Method of determining Specific Heat of a Gas
at Constant Volume.

consists of weighings. It is therefore capable of great accuracy.
In practice it is found that the suspending wire causes a little

additional condensation, giving rise to serious errors. To avoid

this a small platinum coil D is wound round it as shown, and a

current is passed just sufficient to maintain the wire at 100 Cv
thus preventing condensation from taking place.
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Differential Form. In the experiment as above described, it

will be noticed that two experiments are necessary, one for the

pan alone, and one for the pan plus solid. To avoid this, Joly
introduced an important modification known as the differential

calorimeter. Two pans are used exactly alike in weight and

material, the one containing the solid, and the other being empty
(Fig. 156). The steam chamber now surrounds both pans, and
the weights which must be added to the top right-hand pan for

balance after steam has passed through the apparatus at once

gives the amount of steam condensed by the solid alone. As a

matter of fact, however, it is practically impossible to obtain the

two pans exactly alike, and we therefore repeat the experiment
with the solid in the second pan instead of the first. The errors

in the two cases being equal and opposite, they neutralise each

other.

This is the most accurate method known for the determination

of the specific heat of a solid. It should be noted that the vapour
of any suitable liquid may be substituted for the steam.

196. Specific Heat of a Gas at Constant Volume by Joly's

Differential Calorimeter. One of the most useful applications to

which Joly's Differential Calorimeter has been put has been to

determine the specific heat of a gas at constant volume. It will

be remembered that a method of mixtures was described in

Art. 176 for this, but the method is unsatisfactory. Joly modi-

fied his Differential Calorimeter as shown in Fig. 157. Two copper

spheres, as far as possible identical in size and mass,, are suspended
over pans. One sphere contains the gas under test at about 20

atmospheres, and the other is evacuated. The experiment is

carried out exactly as before, two values being obtained, one

with the gas in the left-hand sphere, and the other with the gas
in the right-hand sphere. The mean gives the required result.

Liquids. If instead of gas we fill one sphere with liquid, we
are at once able to determine its specific heat by this method.
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EXAMPLES ON CHAPTER XI

1. What is meant by the statement that the latent heat of water
is 80? The temperature of a pond is 8 C. when a freezing wind
sets in. Describe what happens as the water parts with its heat,
and assuming that it parts with it at a uniform rate, compare the
time taken to the beginning of freezing with the time taken to freeze

the top half-inch of water, the total depth being 20 ins. [L. Matric.]
2. Define the terms

"
latent heat of vaporisation

" and "
latent

heat of fusion
"

for any given substance.
How much heat is required to raise the temperature of 15 grs.

of fat from 15 C. to 70 C., given melting-point =45 C., latent

heat =2$, and specific heat in both solid and liquid states =.5 ?

3. One pound of hot water is poured into a shallow polished vessel

supported on three corks, and whilst 0.25 ounce is evaporating the

temperature falls from 90 C. to 80 C. Neglecting heat losses to

the surroundings, calculate the latent heat of vaporisation of water.

[C. S. Loc.]
4. By how much will the weight of a kilogram of iron, whose

initial temperature is 15 C. and whose specific heat is .12, increase

when weighed in steam at 100 C. ? [L. Inter. Sci.]

5. Steam at 100 is passed into a copper calorimeter, weighing
100 grs. and containing 500 grs. of water at 15, until the tempera-
ture of the calorimeter and its contents rises to 25. Calculate the

weight of steam condensed, given the specific heat of copper =0.1
and latent heat of steam = 5 36. [L. Inter. Sci.]

6. One hundred grs. of iron at 50 C. are placed in a vessel con-

taining 1000 grs. of water at o; how many grs. of ice at o must
be added to reduce the temperature of the mixture to o ? All the
ice is supposed to be melted. [Specific heat of iron =0.113; latent

heat of fusion of ice =80.] [L. Inter. Sci.]

7. If the specific gravity of ice is .918, at what rate per square
metre is heat escaping from a lake when a layer of ice 2 mms. thick
is formed in an hour on its surface? [L. Inter. Sci.]

8. Compare the quantities of water, originally at 15 C., necessary
to condense 100 tons of steam at 39 C. when its total latent heat
is 580, and at 26 C. when its total latent heat is 588. [L. Inter. Sci.]

9. The boiling-point of a liquid is 156, its mean specific heat is

0.46, and its latent heat is 68. Find the quantity of vapour at the

boiling-point that must be passed into a copper vessel (specific heat

o.i) weighing 30 grs., which contains 250 grs. of the liquid at 15,
in order to raise the temperature of the latter to 27. [L. Inter. Sci.]

10. How may the knowledge of latent heat value be utilised to
determine the specific heat of a solid ? Give full experimental
details.
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1 1 . What is meant by the latent heat of steam ? Explain some
method by which its value can be found. [C. B.A. II.]

12.
" The latent heat of steam is 536." Explain the meaning

of this statement, denning any scientific terms you may use. If

heat be introduced into ice-cold water contained in an open flask

with non-conducting walls at a uniform rate such as at first to raise

its temperature by i per minute, how long would it take to convert
the water completely into steam ? [Army.]

13. What do you understand by capacity for heat, latent heat,

specific heat?
A copper calorimeter weighing 100 grs. contains 400 grs. of water

at 1 8 C. Steam at 100 C. is passed into the water, and the

temperature rises to 34 C. The weight of the calorimeter and
water after the experiment is found to be 511 grs. Calculate the
latent heat of steam, the specific heat of copper being .1. [C. Sp.]

14. Eight grams of ice at o are dropped into 64 grs. of paraffin
oil at 20, and are just melted in cooling the oil to o. What is the

specific heat of the oil? (N.B. The latent heat of fusion of ice

is 80.) [L. Inter. Sci.]

15. If the latent heat of fusion of ice is 80, and its density at o
is 0.917, find the travel of the mercury in the tube of a Bunsen
ice calorimeter when 10 calories are given to the ice, the diameter
of the tube being 0.4 mm. [L. Inter. Sci.]

1 6. One gram of metal heated to 100 is dropped into a Bunsen ice

calorimeter in which the weight of mercury required to fill i cm. of

the index tube has been found to be 0.026 gr. The thread of

mercury moves through 52.5 mms. What is the mean specific heat
of the metal ? One gram of water in freezing expands 0.0907 c.c.,

and its latent heat of fusion is 80.02. The density of mercury
is 13.6. [L. Inter. Sci.]

17. Describe an accurate method for determining the specific
heat of a gas at constant volume*
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CHAPTER XII

MODES OF TRANSFERENCE OF HEAT CONVECTION

197. The Three Modes of Transference of Heat. We now come
to the consideration of the methods whereby heat may be trans-

ferred from one point to another. There are three ways whereby
such transference may be accomplished, known respectively as

(1) Convection,

(2) Conduction,

(3) Radiation.

Convection. In convection the heat is transferred as a
result of the movement of comparatively large masses of a

substance from a point of high temperature to a point of lower

temperature. We use the term
"
large masses

"
in the sense of

their containing millions and millions of molecules. We have

already considered one or two simple examples of convection

currents (Chapter III.), and it will be remembered that owing to

the difference in density set up by a rise in temperature locally,
the hotter bodies of molecules are forced upwards whilst the

colder bodies of molecules originally removed from the heat

source take their place and become in their turn heated. Ob-

viously, therefore, convection is only possible in a substance

whose molecules are sufficiently loose with respect to each other

to enable them to move from one part of the substance to another,

i.e., convection occurs in liquids and in gases, but not in solids.

Conduction. Conduction differs from convection in that the

heat is transmitted from one point in a substance to another

without any actual movement of a molecule away from its mean

position. We know from the kinetic theory that the molecules

are in a state of agitation, and that the heat which a body
possesses is the measure of the amount of this molecular agita-
tion

;
the temperature increases when the kinetic energy of

translation of the molecules increases, and vice versa. When one

end of a poker is placed in the fire, its temperature goes up, i.e.,

the molecules at that end vibrate more rapidly. By repeated
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collisions this increased vibration is transmitted along the poker
from molecule to molecule, causing a gradual increase in tempera-
ture along its length. The heat is said to be conducted along
the rod.

Radiation. In radiation the heat is transmitted from one

point to another which is entirely separated from it, often by a

great distance. Thus heat is transmitted from the sun to the

earth, a distance of about ninety-three millions of miles, by
radiation. Similarly the heat we receive when standing in front

of a fire or any other heat-source is due to radiation. At the one

point the heat is emitted, and at the other it is absorbed. The

agency whereby the phenomenon of radiation is rendered

possible is the ether, the medium which pervades all space, and
the means by which the

radiation is propagated
through the ether is wave
rtwtion. The electrons _

within the molecules of a z^jz: I

t+JC
\ zmr ' {

body which is heated are im^~i
in a state of vibration, and -

~
--"

these vibrations react on
the ether in contact with

~
G 158.__Convection Currente.

the molecules, setting up
waves. When a body is interposed in the path of a heat-

wave, i.e., when the ether-vibrations impinge on the inter-

posing body, the electrons within the molecules of the body
themselves begin to vibrate

"
in tune

"
with the ether and

the body emitting the heat, and this molecular vibration mani-

fests itself in a rise in temperature we say the body is absorbing
the heat-radiations.

We shall deal fully with the phenomena of conduction and
radiation in succeeding chapters. In this chapter we shall confine

ourselves to a study of convection and its effects.

198. General Principle of Convection Currents. Suppose we
have a vessel containing a liquid, one part of which is at a different

temperature from the remainder (Fig. 158). Then the density of

that part will differ from that of the rest
;

if the temperature is

higher, the density will be less, so that the fluid contained within

the hotter part is lighter than the remainder, and it is forced

upwards ;
if the temperature is lower than the surrounding fluid,

it becomes denser, and is forced downwards. Hence when there
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are differences of temperature in different parts of a fluid, motions

are set up. These are known as convection currents, and a very

large number of natural phenomena are examples of such

currents.

Suppose we have a body whose volume is v and whose density

is e x immersed in a fluid of density Q (Fig. 159). Then if g is the

constant of gravity, the buoyancy or upward thrust exerted by__ the fluid on the body is

equal to V(Q Q^g dynes.
If the body is denser

than the liquid, this

quantity is negative, the

)- Density p'j^-.j: force therefore being
downwards instead of

upwards, as is the case

when the body is lighter

FIG. 159. Principle of Convection than the fluid.

Currents. We may use this fact

to study convection

currents if we suppose the body whose volume is v and whose

density is Q I
to be a small part of the fluid itself, but at a tem-

perature /! different from /, the temperature of the main fluid.

Now the relation between temperature and density is given by

Qt
=
-^

s~
i (Chapter II.)

l + a/
v

Hence we have

i+at

/. force upwards exerted by the fluid on the volume v

ofa-i)

approximately-
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And since a is small, this may sufficiently approximately be
written

F=^ a(*1 -/) dynes.
a is usually positive, but in the case of water between o C.

and 4 C. increase of temperature is accompanied by decrease

of volume, and a is negative. Hence within this range of tempera-
ture for water, when t is greater than t, F is downwards instead

of upwards. We have already discussed some of the consequences
of this in Chapter III. in considering the freezing of a pond, and
in dealing with the temperature of maximum
density for water.

199. Examples of Convection in Liquids.

The Boiling of Water. When a liquid is

boiled in a vessel, the heat is caused to be

uniformly distributed throughout the body
of the liquid through the agency of convec-

tion currents. This has been fully dealt with

in Art. 53, and further details are unneces-

sary. It is interesting to note, however, what pIG I ^ Wrong
would be the consequence of applying a Way to boil a

flame near the top of a volume of liquid in a Liquid.

flask, as in Fig. 160, instead of to the bottom.

Since the currents of heated liquid are upwards, the heat from

the flame is circulated over the very small range of the liquid
above the level of the flame. Being much hotter, and therefore

lighter than the lower layers, it remains on top, and the heat can

only penetrate downwards by conduction. Water is a bad
conductor of heat, and consequently it would take a very long
time indeed for the whole of the liquid to boil in the case of

water
;

while the top is boiling, the bottom will remain quite
cold for a long time. Hence when general heating is desired, the

flame should always be applied under the vessel.

200. Water-Circulation by Convection. Suppose we have an

arrangement as shown in Fig. 161, consisting of a corked flask A
filled with water, an inverted bell-jar C filled with cold water

tinted with some colouring matter, and two connecting tubes

B and D, one bent as shown. If we heat the water in A by means
of a bunsen burner, its density will become less than that of the

cold water in C and D, and a convection current will be set up.
The hot water therefore rises up the tube B and a cold current

descends from C down D to take the place of the hot. This in
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its turn becomes heated, and rises up B to give place to some
more cold water from C. The motion of the current is indicated

by watching the movement of the tinted water along the tubes.

201. Hot-Water Supply in Houses. The above principle has

very important domestic applications, some of which may now
be considered. A slight rearrangement of Fig. 161 shows the

Cistvrn

c

FIG. 1 6 1 . Hot-Water
Circulation by Con-
vection.

Kitchen
Fire

FIG. 162. Hot-Water Supply
in Houses.

means by which hot-water taps are worked in private houses.

For the flask A we substitute a boiler A (Fig. 162), and instead

of the bell-jar we have a cistern C
;

for the bunsen burner we
substitute a kitchen fire. Additional to these we have a storage
tank B from which the hot water is drawn off as required by
means of the tap T. The arrangement works as follows :

Owing to the kitchen fire, differences of temperature between

the cistern and the boiler A are set up, and a convection current

is produced.
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Hot water rises from A up D into the upper part of the storage
tank B, whilst the cold water takes its place from the lower part
of B down F. Being lighter than the cold water in B

; the hot

From Cistern

FIG. 163. Heating a Building by Hot-Water Circulation.

water remains in the upper part of the tank. As it is drawn off

at T more cold water automatically replaces it from C down E,
and so the circulation is maintained. G is a safety pipe which
returns to C any water violently thrown up during the boiling
in B.
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202. The Heating of Buildings by Hot Water. Large buildings
are very frequently heated by a hot-water circulation, the

principle being identical with that described in the two previous
articles. A boiler A (Fig. 163) situated somewhere in the base-

ment of the building creates the necessary difference of tempera-
ture between boiler and cistern, and a convection current is set

up, hot water moving upwards along pipes C and D, and cold

water returning down the pipe EF. Periodically along the pipes,
in each room, radiators R are placed, consisting of a number of

short vertical pipes grouped so as to increase the total heating
surface. Any of these may be cut off from, or included in, the

general circulation by means of regulating valves. Cool air is

usually brought into the rooms from outside through the walls

along ducts which emerge behind the radiators, and in passing

through the spaces between the vertical pipes of the radiator

they get warmed. A supply of warm fresh air is thus assured.

203. Examples of Convection in the Atmosphere. Chimney
Draught over a Fire. Ventilation. A simple domestic example
of convection currents in the air is afforded by the chimney

draught over a fire. The effect of the fire is to

raise the average temperature of the column
of air and smoke in the chimney above that

t t
of the air outside. Hence a current of air is

drawn upwards whose volume is proportional
to the excess of temperature, and the force

of the draught F is given by VQ a.(t1 t).

Hence the higher we raise the temperature of

the chimney, the fiercer will be the draught.
The larger part of this air current will of

course pass upwards without entering the

fire, owing to the large opening above it.

As, however, the oxygen of the air is required
on lighting the fire, it is usual to force the

FIG. 164. Chim- air to Pass through the coals by covering

ney Draught.
UP the opening with a screen (shown dotted

in Fig. 164). As soon as the fire is well alight,
the screen is removed.
The chimney draught is very important as being the means

whereby a room is adequately ventilated, fresh air being drawn
in through the doors and windows, and foul air being carried off

up the chimney. When, however, no special provision is made,
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this simple form of ventilation gives rise to objectionable cold

draughts. The remedy for this is to provide some simple means
of guiding the incoming cold fresh air in such a way as to ensure
a maximum of circulation with a minimum of draughts. In
the Tobin system a ventilation pipe directs the air upwards
towards the ceiling, where it spreads and becomes warmed, and
then descends. Another
method of warming the

incoming fresh air is to

guide it up a pipe sur-

rounding the hot chim-

ney, and to discharge
it into the room from
that part of the ceiling
which is opposite to the

chimney. This is illus-

trated in Fig. 165.

204. Winds Land-
and Sea-Breezes. All

atmospheric movements
are consequences of con-

vection currents, and
one of the simplest cases of a periodic kind is that which is

experienced daily at the seaside, in which a sea-breeze blows by
day, and a land-breeze by night. The explanation is as follows.

During the daytime the sun's rays fall on land and sea, but

owing to the high specific heat of water, and the comparatively
low specific heat of rock, the temperature of the land quickly
becomes higher than that of the sea. This heat is communicated
to the air above the land, which is therefore at a higher tempera-
ture /x than that of the air above the sea. The hotter air, being
less dense, rises, and its place is taken by the colder air from the

sea. Accordingly we get the bracing sea-breeze which consti-

tutes one of the attractions of seaside resorts.

At night the sun has gone down, and cooling takes place. The
sea radiates its heat very slowly, whilst the land radiates its

heat rapidly. Accordingly the air over the land quickly becomes
cooler than that over the sea. The sea air therefore ascends, and
causes a current of cool air to take its place from the land.

Land- and sea-breezes are not always well defined, owing
to complicating factors which often arise. They are best felt

FIG. 165. Ventilation of Room by
Inlet Pipe round Chimney.
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along coasts which run north and south, and which are backed

by mountains, as in South America and West Africa. Certain

strips of coast along parts of West Africa are infested with

malaria germs (less so now than formerly), and in such regions

Dav t >t
-/

Sea

Night-t>t,
Land

FIG. 1 66. Production of Land- and Sea-Breezes.

the land- and sea-breezes are very important. At night no ships
should be within ten miles of the coast, to avoid the malaria-

laden land-breeze. Only during the daytime is it wise for them
to venture into port.

205. Periodic Winds. When a portion of the earth's surface is

heated by the sun, the air becomes lighter and rises, its place

being taken by the cooler and denser surrounding air. Generally
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speaking, the coldest regions of the earth are the poles, and the

warmest the equator. Hence the general effect should be that

cold winds as a whole will blow from the poles towards the

equator, whilst in the upper regions of the atmosphere we should

expect to find compensating return winds blowing from the

equator to the poles.

Owing, however, to the rotation of the earth on its axis, this

direction due north and south does not obtain. As we get further

away from the poles, the various points on the earth are carried

eastward with greater and greater speeds, causing the wind to

veer more and more to the east. Hence instead of winds blowing
due N. and S., we have them in the regions of latitude 30

FIG. 167. Trade Winds. FIG. 168. S.W. Monsoons
of India.

N. and S. blowing from the N.E. and S.E. respectively (Fig. 167).
With one qualifying factor, this is a steady state of affairs, and
the trade winds, as they are called, blow steadily all the year
round. As they approach the equator the temperature increases,
and they therefore rise and form a return current in the upper
atmosphere. Hence between the trade winds there exists a belt

of calms called the doldrums.

The qualifying factor above referred to is the fact that the sun
is not vertically above the equator all the year round, owing to

the inclination of the plane of the ecliptic, or the sun's apparent
path in space, to the plane of the equator. In consequence of

this the permanent wind systems of the earth move north and
south with the seasons, the motion being about 15 on the

average.
Monsoons. Monsoons are periodic winds caused initially by
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this
"
swing-swang

"
of the trade winds north and south with

the seasons. Just as land- and sea-breezes are created by night
and day alternations in temperature, so monsoons are caused by
summer and winter alternations in temperature. In the summer
the sun has moved northwards, so that the S.E. trade winds cross

north of the equator (Fig. 168). During the summer months,

however, the land masses of India as a whole are being heated

above the temperature of the sea, so that the air above the land

becomes lighter and creates a centre of low pressure. In conse-

quence of this, the air rises, and in order to take its place, the

S.E. trade winds are deflected as shown in the figure, and become
a S.W. Monsoon. Being laden with moisture derived from the

sea atmospheres, they are a very welcome annual visitor. A
reverse monsoon is of course created when the N.E. trade-wind

system moves southwards with the sun in the winter.

Monsoons occur wherever land masses are interposed in the

path of a periodic wind.

There are many other periodic winds occurring in different

parts of the earth, all arising as convection currents in conse-

quence of definite distributions of pressure and temperature
belts, but those given should suffice to illustrate the important
influence of convection phenomena upon climate.

206. Cyclonic Systems. Before concluding this chapter some
reference should be made to the general type of weather system

prevailing in these latitudes.

We have seen that when a portion of land is heated more

strongly than its surroundings, the air becomes lighter and

ascends, and more air rushes in from the surroundings. The

ascending column cools as it rises, and when its density becomes

equal to that of the surrounding air, it becomes stationary.

Generally, however, the air contains moisture, and if the ascend-

ing column cools below the dew point, the moisture in it is

condensed, and in condensing it liberates latent heat. This heat

helps to maintain the temperature of the ascending column, thus

making the air continue to ascend. The more water vapour
there is present in the air, the greater is the tendency for the

ascent to continue.

Such a system is known as a cyclone. Once the ascent is

established under favourable conditions, air will continue to

flow in at the foot of the ascending column. The tendency is

therefore to set up a system of radial winds, all directed to one
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point (Fig. 1690). Owing,, however, to the rotation of the earth,

these are deflected (in the northern hemisphere) to the right of the

centre, so that the winds take a spiral path (Fig. 169^), travelling
inwards and upwards. The centre of such a cyclonic system is

always a centre of low pressure. This may be created either

High
Pressure

Ascending^

Column

High
Pressure

(a) (b)

FIG. 169. Cyclonic Systems.

High
Pressure

by heating, thus causing expansion and a consequent decrease

of density of the air, or by the presence of water vapour, which
also renders air much lighter. As we move away from the centre

in any direction the air pressure increases. As a result of meteoro-

logical reports from different stations all over Europe, pressure

readings at any given instant are plotted on the map, and lines

of equal pressure, or

isobars, are drawn,
one for every J" in-

crease in pressure,
and we find the

curves to be of the

type shown in Fig. Vy
170, which is charac- \
teristic of a cyclonic

system. The curves

are closed, fairly

regular, and roughly
concentric. The

FIG. 170. Isobars in Cyclonic System.
(Arrows show direction of wind.)

winds, as we should expect from Fig. 1696, tend in general to

follow the isobars.

We have mentioned that the centre of such a system is an

ascending air column. When the moisture in this column con-
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denses, the drops which form attain an elevation of equilibrium
between the force of gravity downwards and the resistance of

the air upwards, and a cloud is formed, the height of which will

depend upon the speed of ascent of the air column. This is

generally greater during the daytime than at night, and hence

more rain falls overnight than during the day, the resistance of

the air being insufficient to keep the drops in suspension. We
see then that a cloud is the visible sign of an ascending column

<S\ sA jfre^ky

FRONT OF

CYCLONE

FIG. 171. The Passing of a Cyclone.

of air, and in general the centre of a cyclonic system is an area

of dense clouds and rain.

207. Motion of Cyclones. The cyclonic systems which we
have described are not stationary, but take up the general motion

of the atmosphere as a whole. The prevailing winds in our lati-

tudes are westerly, and hence cyclones are moving constantly
to the east. As a cyclonic system passes over any one spot, there-

fore, a variety of weather changes is experienced wind, pressure,
and appearance of sky all changing. These changes follow a

definite order, and as the system as a whole takes anything from

one to four or five days to pass over any one particular place,

predictions of weather become possible for a day or two ahead.

These are based upon the barometer and wind-changes reported
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by the various observing stations, enabling the rate of advance
of the system to be calculated.

A glance at Fig. 171 will show the general nature of the weather

changes involved. The first signs of an approaching low-pressure

system are the formation of the small,light ;
and high cirrus-clouds

with lower cumulus-clouds forming to the west. The wind blows
from the S.E., and the barometer begins to fall. As the centre of

the system draws nearer, intense nimbus clouds begin to form,
the wind drops, and the barometer reaches its lowest point.

Heavy rain falls, and the wind then veers round to the N.W.
The barometer now begins to rise again, and the wettest portion

(a) (b)
FIG. 172. Anticyclonic System.

of the cyclone has travelled to the east
; clearing showers now

occur, followed finally by clear skies and steady weather. These

weather changes are based on the assumption that it is the centre

of the system which passes over the observer
;

it is left as an
exercise to the student to work out the less drastic changes which
occur if the centre of the system passes to the north or south of

the observer.

208. Anticyclonic Systems. In addition to the low-pressure

systems which we have just considered, high-pressure systems
are often found to have formed in these latitudes. Such a system,

spoken of as an anticyclonic system,i$ brought about bythe cooling

through some cause of the air over a region. As a result of this

cooling, the density increases, creating a centre of high pressure,
and there follows a tendency for the air at this point to be poured
out radially in all directions, as in Fig. 1720. These radial winds

becomejleviated to their right (in the northern hemisphere) in



234 A STUDENT'S HEAT

consequence of the earth's rotation, and the result is as in Fig.

172^, the winds following the direction of the isobars, this time
in a clockwise direction.

The centre of the system will be a descending column of air

coming from the low pressure of high altitudes to the greater

pressure of the lower altitudes. Therefore in descending the air

becomes compressed, and the temperature rises. Hence although
water vapour may be present, the relative humidity is very
small, and the air is accordingly comparatively dry. The chief

Rear Front

FIG. 173. Anticyclonic Weather.

characteristic of anticyclones is therefore a cloudless sky. The

pressure gradient is usually very small, i.e., the isobars are far

apart (Fig. 173), and in consequence the winds are very light.

The sky being cloudless, the air is free for the passage of

radiation through it. Hence we get cold nights owing to the heat

of the earth accumulated during the day easily escaping, and in

summer heavy falls of dew are experienced, whilst in winter there

are frequent hard frosts. Anticyclonic systems are very stable

they move very little, and will exist over a region for a long
time when the conditions are favourable. For fuller details of

high- and low-pressure systems the student
is_

referred to text-

books on meteorology.
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EXAMPLES ON CHAPTER XII

1 . Explain how heat is conveyed through a liquid by convection,
and give some practical applications of this phenomenon. [C. Sp.]

2. Is it possible to have water in a test-tube such that the portion
at the surface is boiling, whilst that at the bottom is frozen ? *

3. Explain the differences between the distribution of heat by
conduction, convection, and radiation. How would you arrange
to show most clearly the occurrence of convection (a) with water
at about 20 C., and (b) with water at about o C. ? [Army.]

4. How is heat transmitted by radiation? Describe some simple
experiments to show the difference between the transmission of

heat by radiation and by convection. [Army.]
5. How is the principle of convection utilised in the heating of

buildings by hot water? Discuss the relative advantages and dis-

advantages of this method as compared with the heating by open
fires.

6. What are the general considerations which should guide you
in designing the suitable means of ventilation of a house ? What
influence has the

"
open fire

"
system on this?

7. What is meant by convection? Explain the effect of con-
vection in producing regular atmospheric currents such as trade
winds. [L. Inter. Sci.]

8. Explain the cause of land- and sea-breezes. What are the best
natural conditions for their production, and under what circum-
stances may they become important?

9. What do you understand by a low-pressure weather system ?

Trace the general nature of the weather changes experienced at a

place as the centre of a low-pressure system approaches and passes
through it.

10. Describe the changes which would be experienced if instead
of passing through the place, the centre of the system in Question 9

passes to the north of the observer.
1 1 . Contrast the general characteristics of a cyclonic and an anti-

cyclonic weather system, and account for the differences you
mention.
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CHAPTER XIII

MODES OF TRANSFERENCE OF HEAT CONDUCTION

209. Transference by Conduction. It was pointed out in

Chapter XII. that heat is said to be transferred from one point in

a substance to another by conduction when no motion takes place
of groups of molecules as a whole. In this respect lies the chief

difference between conduction and convection. In convection

large groups of molecules move bodily from one part of the

substance to another, carrying the heat energy with them
;

in

conduction each molecule is more or less
"
chained

"
to some

mean position, but transmits some of its molecular agitation, i.e.,

its heat energy, to its neighbour by collision. This is passed along
the line of molecules, so that if one end of a bar be heated, the

other end in time experiences a rise in temperature. Initially
the specific heat of the substance is an important factor, since

as the heat is supplied at one end, a body with a low specific heat

will increase in temperature at a greater rate than one whose

specific heat is high, whatever the relative powers of conducting
the heat may be. The heat which is initially supplied performs
several functions. Part of it is absorbed by the body, by virtue

of its specific heat, to raise its temperature ; part of it is trans-

mitted along the body by conduction; and part is radiated or

emitted from the sides of the body to its surroundings.
In consequence of the first of these factors, we find that

different points along the body increase in temperature. After

a time, however, this increase ceases, and a steady state is

attained, the body being hot at one end and cooler and cooler as

we get to the other end. The heat capacity as a factor need no

longer be considered, the heat being now conducted along the

body, or emitted from its sides as fast as it is supplied. The

proportion which is emitted is very small compared with that

which is conducted along the body, and accordingly when the

steady state has been reached, provided suitable precautions
are taken to diminish emission losses, we have a suitable means
of investigating the laws underlying conductivity phenomena.
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2io. General Theory of Conduction. Suppose we have a very
extensive wall of material, of thickness X, with parallel faces, and

suppose that on it we mark out a portion whose area is a. Let
the two surfaces be at different temperatures, that of the front

face if being at a higher temperature than that of the back face

/2 . Then the molecules nearer the front face will have more
kinetic energy than those nearer the back, so that the tendency
will be for this energy to be transmitted by conduction from the

hotter to the cooler face.

Assuming that no heat losses are incurred by radiation to the

surroundings, the amount of heat which will flow from front to

back will be governed by the following factors :

(1) Time. Obviously the longer is the period during which
heat is transmitted

through the slab, the

greater will be the quan-
tity of heat flowing

through.

(2) Area of Slab. The

quantity of heat will also

be proportional to the

area of the slab a, for if

we double the area, we
double the number of

molecules which take part
in the transmission of

heat, and so on.

(3) Excess of Temperature between the two Faces. We have
seen that the ability to transmit heat energy across the slab is

consequent upon the fact that one face is at a higher tempera-
ture than the other. Hence the greater is this excess of tempera-
ture between the two faces, the greater will be the quantity of

heat conducted through in any given time.

(4) The Thickness of the Slab. The influence of the thickness

x of the slab is different from that of the factors we have already

considered, for if we increase x, then the heat has to be trans-

mitted through a greater distance, and the quantity of heat

which flows through from one face to the other in the same time

will l)e less than before.

Hence the quantity of heat conducted through will be inversely

proportional to the thickness.

FIG. 174. General Theory of

Conduction.
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/. if H denote the quantity of heat transmitted from one face

to the other in a time T seconds, we have

2) H oc a

and (4) II QC -

Combining these, we have

where K is some constant.

If tt1
= i,a= i sq. cm., x= i cm. and T= i sec.,

then we have H=K.
Hence the constant K may be defined as the amount of heat which

is transmitted per second across a slab of material whose thickness

is i cm., whose area of cross-section is i sq. cm., and whose differ-

ence of temperature between the twofaces is i C.

This constant is called the thermal conductivity of the material.

It is found that K varies in value from material to material, i.e.,

some bodies conduct heat much more readily than others, and
we therefore speak of good conductors and bad conductors. Most
of the metals are good conductors, whilst glass, wood, paper, etc.,

are bad conductors.

In the formula

we speak of --^ as the temperature gradient ; it is the fall in

temperature per unit length of the body. We therefore have :

Heat transmitted per second=^x area of cross-section x tempera-

ture-gradient.
211. Examples of Conduction. We are constantly being

brought face to face with the consequences of conductivity in

our everyday experiences. Thus in the winter it is much more
comfortable to handle wood than metal, although both are at

the same temperature. This is because the body is at a higher

temperature than either wood or metal, and in touching them
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heat tends to flow from the warmer hand to the cooler wood or

metal, and since the metal is a good conductor of heat and the

wood is a poor conductor, the metal extracts the heat from the

hand much more quickly than the wood. Conversely, in summer,
when the sun has been shining on wood and metal, the metal on

being touched transfers heat to the fingers more readily than
does the wood, and it therefore feels hotter.

Still air is a bad conductor, and the main object of clothing
is to imprison a layer of this air around the body, so as not to

allow the warmth of the body to be lost to the surroundings. For
this reason, woollen clothing which will enmesh air is more useful

than cotton and calico clothing.
Metal teapots are provided with wooden handles, as other-

wise it would be impossible to hold them with comfort. Wire-

gauze is placed over a bunsen flame because it conducts the heat

away too rapidly to allow the

temperature above the gauze to

reach the ignition-point for the

gas. All are familiar with the

fact that by applying a match
over the gauze instead of under

it, we get a flame on top, but not

underneath. This is the principle
of the miner's safety-lamp. By
surrounding the flame with wire-

gauze, the temperature outside
F'G ' l

the gauze is kept below the

ignition-point for the inflammable gases which are known to form

in the atmosphere of mines.

212. Comparison of K for Different Metals. Two pieces of

apparatus, both depending upon the same principle, may be

mentioned for comparing the conductivities of different metals.

In Ingenhousz's apparatus (Fig. 175), a number of rods of

different metals of the same length and cross-section project
from a bath. The rods are initially coated uniformly with wax.
On pouring boiling water into the bath, the heat is conducted

along the rods at different rates, and these are indicated by the

melting of the wax. The length of wax which has been melted

is noted at any given instant for all the rods. The difficulty in

this experiment is to decide exactly how far the wax has melted.

To overcome this Edser arranged for the rods to issue vertically
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from the bottom of the bath (Fig. 176). As the wax melted a

pointed index was able to fall, and the length of wax melted was

given at any instant by the position of the index.

Let 9 denote the temperature of the bath.

$ M.P. wax.
I length of wax melted for any bar after a time

T seconds.

/

and since a, 9, <f> }
and T are constant for all rods, hence

K oc H/. (i)

But H, the quantity of heat transmitted, will for any definite

FIG. 176. Edser's

Apparatus.

FIG. 177. Peclet's Apparatus.

pair of temperature-extremes such as 9 and
<f>

be greater the

greater the length, and hence
H Z. (ii)

Combining (i)
and (ii) we have

Koc Z
2

.

Hence the relative conductivities of the different rods are

obtained by comparing the squares of the lengths of wax melted.
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ABSOLUTE DETERMINATION OF K

213. Peelet's Experiments. One of the earliest attempts to

determine the conductivity of a material was made by Peclet.

A bell-jar was inverted, and its lower end closed by a slice of the

material to be tested (Fig. 177). It was then filled with liquid
whose temperature 6 could be read by means of a thermometer
T. The whole was then placed on the surface of a hotter liquid
of temperature cf>.

As heat flowed through the medium, the

temperature of the liquid in the bell-jar rose. Knowing the

mass and specific heat of the liquid, by noting the rise in tem-

perature for a given time, the quantity of heat H which flowed

through the material could be calculated, and the formula

could be applied to determine K.
The experiments, however, were not successful. Peclet found

practically the same value for K for every material he tried. He
repeated the experiments, this time placing the thermometers
in direct contact with the two faces of the material, and his

results were then much better, but still unsatisfactory. It was
obvious to Peclet that the errors were chiefly due to convection

currents, so that at first the temperatures he was reading were not

the temperatures of the two faces. He now tried stirring the

liquid systematically, and the results were now considerably

improved.
In spite of further improvements effected by Peclet, his method

has had to be abandoned, owing to the fact that water is a bad
conductor of heat

;
the presence of even a layer of i mm. of still

water would create serious errors.

214. Direct Method for Metals. A good method for the deter-

mination of K for good conductors is illustrated in Fig. 178. A
bar of the material A is taken and a difference of temperature is

set up between its two ends by supplying heat at one extremity
and extracting heat from it at the other. The heat is supplied
either by a steam coil, or, better still, by a coil of wire B carrying
a current of electricity. C is a cooling water-jacket ;

cold water

is introduced through the thermometer pocket D, it circulates

round A at a temperature 6, and after extracting heat from the

bar, emerges through the thermometer pocket E at a tempera-
ture

(f>,
and is collected in a weighed tank F. The portion of the

Q
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bar x under test is determined by two small holes containing

mercury into which small-size thermometers are introduced,
the hot end registering a temperature tv and the cool end a

temperature t2 .

The whole is enveloped in felt toprevent losses due to radiation,,

etc.

Suppose m grs. of water issue into F in T seconds.

/. heat extracted from the bar= wc(^ 6) calories.

But when the steady state is reached, heat extracted from

the bar= heat transmitted through the bar

-KaT^1 "'^
calories.

x

Hence KaT&T^= mc(<f> -6)

x ,.v

This result, it will be noticed, is obtained by making our

FIG. 178. Apparatus for finding Conductivity of a Metal.

observations at the cool end of the bar. If the electrical method
of heating is adopted, however, it is possible also to take observa-

tions at the hot end.

Suppose the strength of the current =A amperes,
and the difference of potential of the circuit=V volts.

* AVT
/. in T seconds, the heat energy supplied

= calories.

And since, when the steady state has been reached, heat

supplied = heat conducted through the bar, we have
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Now in both equations (i) and (ii)
it has been assumed that the

felt packing has prevented heat from being lost by radiation.

Actually, this is not strictly true ;
some heat losses are inevitable.

Hence the result given by (ii)
will be too high, whilst that given

by (i) will be too low. We therefore take the mean of the two

results. The advantage of heating electrically is therefore obvious.

215. Biot, Wiedemann and Franz, and Forbes* Method. A

good
"
bar

"
method, originally suggested by Biot, and perfected

by Wiedemann and Franz, is as follows : Firmly soldered to a box

C (Fig. 179) is a very long bar (about 100 cms. long) of the

I
&

T (Ct)

\ B
Cross" Section -OL

FIG. 179. Wiedemann and Franz's Experiment.

material to be tested. Steam is passed through C, causing the

end A of the bar to be at a higher temperature than the end B.

By having a series of small holes containing pellets of mercury
along the length of the bar, temperature readings may be taken.

As the heat is transmitted along the bar, the thermometers

gradually indicate higher temperatures, and if at different time-

intervals a temperature-length graph be plotted, we get succes-

sive curves (i), (2), (3), etc., as shown in the figure, until the

steady state is reached. We then get a curve showing the hot end
to be at a steady temperature of 100 C., and the cool end at a

steady temperature of about 15 C. to 20 C. If it is desired to

carry out the experiment with the hot end at higher temperatures
than 100 C., we substitute for steam in C other liquids or molten
metals.
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It will be noticed that the characteristic of the curve showing
the steady state is that the rate of fall of temperature decreases

as we approach the cool end, i.e., the curve gets flatter and flatter.

Consider a length of the bar between two points x1 and x 2 .

Suppose this length to be divided up into a large number of

equal short discs of length /.

Consider the first of these discs xv Let the temperature of its

hot face be Tl3
and that of its cooler face be T2 (see Fig. 1790).

/. difference of temperature between the two faces=T1 T2 .

.-. amount of heat flowing through the first disc x1 per second

T To
- ? calories

=Ka x tan. of angle of slope of curve at xv

Similarly, if we consider the last disc x2 ,
we get amount of heat

flowing through disc xz per second

=Ka x tan. of angle of slope of curve at xz .

Now since the slope of

the curve at x is steeper
than at xz,

it must follow
Bar for Forbes' E*periSeut. that the heat flowmg

through #! is greater
than the heat flowing

through x2 . The tem-

perature of the bar is,

however, steady at every

point. Hence the excess

of heat at xl over x2

must be lost by some
other means than that

of raising temperatures.
The loss is in fact due to

the emission of heat from the lateral surface of the bar to its

surroundings.
.% heat lost from lateral surfaces of discs

=Ka(tan. of angle of slope at x tan. of angle of slope at #2).

To determine the value of this lateral loss, a separate experi-

ment due to Forbes is necessary.
Forbes' Cooling Experiment. A bar (mass m) is taken of the

FIG.

Time.

1 80. Cooling Curve for Forbes'

Experiment.
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same material and cross-section as before, but instead of being
100 cms. long, only 30 cms. length is necessary. This is heated

above the highest temperature attained in the previous experi-

ment,, and it is then allowed to cool. Temperature readings are

taken at frequent intervals, and a temperature-time curve is

plotted, as shown in Fig. 180.

As in the case of the cooling curves for liquids (Chapter X.), if

we know the specific heat of the bar, we can calculate the rate

of cooling, i.e., the amount of heat lost per second, corresponding
to any given temperature.

Suppose that corresponding to the temperature 0, the de-

crease of temperature per second is
1
,
then loss of heat per

second from bar at Q = mcQ l calories.

This is done for a large number of points along the curve.

Let S = total area of the surface (including the ends) of the bar.

/. loss of heat per sq. cm. per second when temperature

UflIS W=

The particular temperatures for which this value is calculated

are the temperatures of the mid-points of the discs in Wiede-
mann and Franz's experiment, after the steady state has been
reached.

Hence the rate at which each such disc is losing heat to the air

per sq. cm. of its surface is determined by the observations from
Forbes' Cooling Experiment. For each such disc, we obtain a

different value for
O

Let us denote these values by hlf h 2 ,
hs,

etc.

If we multiply each of these by the surface area of each

corresponding disc, we get the total losses each incur.

Now area of lateral surface of each disc

= perimeter of cross-section x length of disc

=PI,
where p= perimeter of cross-section of disc.

Hence the total heat losses from bar from x1 to x2

=plh +plh 2 +/>///,, + etc.

.*. comparing with the result of Wiedemann and Franz's

experiments, we have
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Ka(tan. angle of slope at xl tan. angle of slope at #

a(tan. angle of slope at A^ tan. angle of slope at x 2)

All the quantities on the right-hand side can be determined

experimentally from the two experiments just described, and
hence K may be calculated.

Biot's original method of taking temperature-readings with

thermometers dipped in mercury cups bored in the metal was

improved upon by Wiedemann and Franz, who substituted

thermo-junctions at several points along the bar. They also

enclosed the bar in a large vessel whose temperature was kept
constant by being placed in a water-tank.

Latterly platinum-resistance thermometers are being sub-

stituted for the thermo-couple thermometers. Also, for Forbes'

Cooling Experiment there has been substituted the far simpler
and more accurate method of heating the bar electrically, and

calculating the heat-energy so supplied necessary to balance the

radiation losses.

DETERMINATION OF K FOR BAD CONDUCTORS

216. Lees' Divided Bar Method. Generally speaking, the bar

method just described is unsuitable for bad conductors. At the

suggestion of Lodge,
however, Lees was able

to use the method in a

modified form. The bar

used in the previous_ __ experiment was cut in
11

two, and a short disc,

about 2 mms. thick, of

the material to be tested

FIG. i8i.-Lodge and Lees' Divided Bar
Method for Bad Conductors.

the ends being amal-

gamated. A curve showing the steady state was now obtained,
and was of the type shown in Fig. 181. Owing to the low con-

ductivity of the disc, there was a sudden drop from P to P'.
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Using the notation of the previous experiment, we have

Heat which enters the disc from hot end

=Ka xtan. of angle of slope at P.

Also, heat which leaves the disc from cool end

=Ka xtan. of angle of slope at P',

K being the conductivity of the bar.

Hence the heat flowing through the disc

=Ko(tan. of angle of slope at P-tan. of angle of slope at P').

Also, if K1 denote the conductivity of the material of the disc,

we have
KWT T )

Heat flowing through the disc= -^3
00

where Tx
=temperature at P

T2
= P'

and x= thickness of the disc.

Hence we have

x

=Ka(tan. of angle of slope at P tan. of angle of slope at P ;

),

giving

K1 _Ka(tan. of angle of slope at P tan, of angle of slope at P')

(Ti-T.)

217. Lees' Disc Method for Bad Conductors. A still better

method than the preceding has been devised by Professor Lees

for bad conductors. Two thin discs of the material are taken,

having a diameter of from 3 to 4 cms. Between them is

placed a copper disc of the same diameter, and outside each is

placed a further copper disc (Fig. 182). In all, therefore, there

are five discs, three of copper and two of the material. The whole
is suspended in a vessel A, maintained at a constant temperature

by means of the jacket B.

Wound round the inner copper disc is an electrical heating
coil C. The temperatures on each side of the two discs of material

are read by means of four thermo-electric thermometers T.

By passing a current round the heating-coil, the temperature
of the middle copper disc is raised above that of the material on
its two sides, and heat therefore flows through these discs to the

outside copper discs. Presently the temperatures cease to rise,
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and the steady state is attained. The heat is now dissipated to

the air as fast as it is supplied.
Since the edges of the discs are very thin compared with the

area of the faces, we may assume that there are no heat losses

from them.

Let K denote the conductivity of the material under test.

/!
= the thickness of the left-hand disc of material,

and/2
=

right-

Area of Section

of Discs = S

FIG. 182. Lees' Disc Method for Bad Conductors.

Let the temperatures of the hot faces of the left and right discs

be fa and < 2 respectively.
Let the temperatures of the cold faces of the left and right

discs be O x and 2 respectively.
.*. heat flowing in i second through left-hand disc

e 1)
calories

and heat flowing in i second through right-hand disc

9 *)
calories.
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total heat flowing through discs

calories.

h
Also, if R is the resistance of the heating coil, and if A is the

strength of the current flowing through it, we have heat energy

supplied by coil per second

RA2

= --- calories.

Actually, a very small quantity should be subtracted from the

numerator of this result to allow for the small heat losses from
the edges.

218. Results for Solids at Normal Temperatures.

Metals (K)
Silver . . . 1.09 Iron . . .17

Copper . . .1.04 Tin . . . .15

Magnesium . . .37 Lead . . . .084
Aluminium . . .344 Antimony . . .04

Zinc . . .28 Bismuth . . . .02

Alloys

Conductivity is low, K being of the order .06.

Non-Metals

Quartz (parallel to axis) .030 Glass . . . .002

Quartz (perpendicular Ebonite . . .0004
to axis) . . . .016 Wood . (about) .0004

Ice . . . .0056 Cork . . . .0004
Marble . .

.
. .005 Calico . . . .00014

219. Lees' Disc Method for Liquids. To determine the thermal

conductivity of liquids, Lees used a modification of his disc

method for poor solid conductors. A "
disc

"
of the liquid to

be tested, consisting of a layer from i to 2 mms. deep, was im-

prisoned in an ebonite ring between two copper discs, as shown
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in Fig. 183. Over the upper of these discs was another copper

disc, with a heating coil C wound round it, and a final copper
disc was placed over this. The whole was supported horizontally

in a jacketed vessel at constant temperature. Temperatures,
as before, were read by means of thermo-electric junctions.
The difficulty in determining K for liquids lies in the fact

that convection currents are so easily set up, considerably

modifying the results. It is on this account that the discs are

thin and are suspended horizontally. While the temperatures

may alter vertically, it is possible to maintain horizontal

FIG. 183. Lees' Disc Method for Liquids.

layers at constant temperatures. The copper discs being thin

and of a good conducting material, we may assume the tempera-
ture of each (after the steady state has been reached) to be

constant right through.
Let 6 X

denote the temperature of the under surface of the liquid,
uPPer

andG, top copper disc.

Also, let s = area of surface of liquid,

sl
= ebonite ring,

and &!
= conductivity of ebonite.

.*. heat flowing through disc and ring per second

where /= the thickness of the liquid film.
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Some heat, however, is lost from the surface of the top disc.

Using the usual notation as in Forbes' Cooling Experiment
(Art. 215), we have
Heat lost from surface of top disc per second

=(s+Sj)h(Q3 O-L) (see Art. 234).

Hence, if R is the resistance of the coil and A the strength of

the current,
Total heat energy sent through the liquid per second

RA2

4.2

Hence
4-2

To Pump

from which it may be calculated.

220. Determination of K for Gases. The thermal conduc-

tivity of gases is so extremely small that attempts at experiment
are very difficult. The me-
chanical parts of the apparatus
take up far more of the heat

than does the gas, and added
to this it is very difficult to

make reliable corrections for

convection errors. Kundt and

Warburg enclosed the gas in a

flask (Fig. 184), the stopper of

which was part of the stem
of a thermometer fitted with
a spherical bulb. The appa-
ratus was first heated to be-

tween 50 and 100 by immer-
sion in a hot-water jacket,
and was then plunged into an
ice jacket at o. The walls at

once fell to the temperature of

the enclosure. As the heat

was transmitted to the ther-

mometer, the descent of the

mercury thread was watched.

Knowing the mass and the specific heat of the bulb and of the

mercurv, the rate of loss of heat from the surface of the bulb

Ice or Water at

Constant Temp.

FIG. 184. Kundt and Warburg's
Apparatus.
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could be at once calculated. This was done for a variety of

different temperatures.
The difficulty of the problem will be understood if it is remem-

bered that there are four different ways in which the heat passes
from the walls of the flask :

(1) By conduction through the gas: this is the quantity
which we want to determine.

(2) By conduction up the stem of the thermometer: to

reduce this the stem is made long and thin.

(3) By convection in the gas.

(4) By radiation between the bulb and flask.

2O 40 60 80
Pressure.(cms.)

FIG. 185. Graph showing pressures at which Convection is Zero.

The rate of cooling can therefore bear no simple relation to the

conductivity of the gas.
Kundt and Warburg realised that factors (2) and (4) were

present apart from whether the flask contained gas or not.

They therefore completely exhausted the vessel of all gas, and

repeated the experiment, obtaining rates of cooling correspond-

ing to all temperatures for which observations were previously
taken. The differences in the corresponding readings gave
them the rate of fall of temperature due only to (i) and (3).

It was now necessary to eliminate the errors due to convection.

Now Maxwell has shown that according to the kinetic theory
of gases, the conductivity is constant over a wide range of

pressure, the temperature being kept constant. Kundt and

Warburg therefore repeated the experiments for the same gas
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with different pressures, and a graph was plotted to connect the

heat losses of the gas with the pressures (Fig. 185). From
about .1 cm. to 15 cms. pressure for air, oxygen, and nitrogen,
and to .9 cm. pressure for hydrogen, the curve was found to be

horizontal. The loss within this range was therefore constant,
and it was assumed that for any pressure within the range
convection had no effect

;
the losses were entirely due to

conduction, and values for K were accordingly found.

221. Results for Liquids and Gases. All values of K for

liquids and gases must be looked upon as being very uncertain

in view of the many experimental difficulties.

Liquids

Absolute alcohol . .000423 Turpentine . . .000260

Chloroform . . .000288 Water . . . .00136

Anhydrous ether . .000303 Mercury . . .2

Glycerine . . .000670

Gases

Air . . . .0000516 Hydrogen . . .00033
Carbon dioxide . .0000273

222. Effect of Temperature on K. Generally speaking,
thermal conductivities change very little with the temperature,
the change being an increase in K with decrease of tempera-
ture. For alloys, however, K usually increases with tem-

perature. For such bad conductors as the organic compounds
this is markedly true, K increasing comparatively rapidly with

temperature.

Liquids resemble solids in the general tendency for K to be

less at high temperatures than at low.

For gases, Pauli (1907) found the following values for ^- :

Air . . .1.2 Alcohol vapour . 1.58
C0 2 . . . 1.2

K for air does not appear to vary from 10 C. to 60 C.

223. The Transmission of Temperature Waves. We now

proceed to a very interesting consequence of the pheno-
menon of conduction. Suppose we have a bar heated in the
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usual way (Fig. 186) until the steady state is reached; and

suppose as before we construct a temperature-length curve.

If we now suddenly shut off the steam in A, and substitute for

it a stream of water at, say, 50 C. for about a minute, then

during the interval there will be a drop in the temperature of the

hot end
;
the length of which will depend upon the time of passage

of the cool stream.

If we now shut off the stream of water at 50 C., and return to

the steam at 100 C., the temperature of the hot end once more
resumes its original value, and the depression produced by the

100

B- 50-

I

FIG. 1 86. The Transmission of Temperature Waves.

cool stream is gradually forced to the right, as shown in the

figure, decreasing in size, and ultimately vanishing. In this

way we are able to conceive the idea of the propagation of a
wave of temperature.

Suppose we repeat these alternations of temperature between
100 C. and 50 C. for a number of times in succession. We then

get a series of such waves, and we find that every point along the
bar goes through a regular cycle of temperature-changes. Fig.

187 illustrates the general nature of the cycle for different points

along the bar. The upper figure gives the normal
"
steady-state

"

curve, whilst the lower figure shows how the points A, B, C, D,
etc., along the bar are affected by the temperature waves.
At A the bar experiences sudden alternations of temperature,

the fall from 100 to 50 being almost instantaneous, and the
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temperature-time curve is accordingly as shown in the lower

figure. At B the maximum temperature will be about 60, and
the minimum at 25. Hence the amplitude, as the range of

temperature would be called, is less than that of A. The changes,

too, are not so sudden, so that the curve is more rounded ;
and

finally the changes occur later than at A. All these are indicated

Time.

FIG. 187. The Propagation of Temperature Waves.

in the figure. As we move further along from A, these variations

from the characteristics of the cycle of changes at A become
more intensified. The curves become simpler and simpler in form,
the amplitude constantly diminishes, and the time of passage

through the mean temperature value becomes retarded. At D
it will be noticed that the temperature-time curve approximates
very closely to the sine curve.

224. Application to the Surface of the Earth. We can apply
the previous to the case of any body which undergoes automatic
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alternations of heating and cooling. The surface of the earth is

an obvious example of this. When the sun is above the horizon,
the surface is heated to perhaps 30 C., whilst at night it is cooled

down to, say, 10 C., and these alternations go on day after day.
Hence temperature waves similar to those already described

will be propagated downwards, and corresponding to each depth
there will be a definite temperature-time cycle of changes which,

20

10

Upwards

M. N. M.
M.= Midnight.

N.
N.

M.
Noon

N.

Surface

FIG. 1 88. Typical Curves showing daily temperature changes on
surface and at 10 cms. and 20 cms. below surface.

as we go down, become simpler in form, shorter in amplitude, and
later in period.

Fig. 188 shows the general nature of the temperature-time
curves on the surface and at depths of 10 cms. and 20 cms. It

will be noticed that the maximum and minimum temperatures
are reached considerably
later than at noon and at

midnight, as we should ex-

pect. Also the amplitude

appears to increase each

day. This is on account of

the seasonal changes from
winter to summer. After

summer the amplitude will

of course decrease.

225. Isogeotherms. Referring again to Fig. 188, we see that
as we go deeper below the surface, the curves become flatter and

flatter, so that at a depth of from a metre to a metre and a half

the daily change almost disappears, and provided the surface

is flat, the curve becomes a straight line. Below this the only

33 metres

15"

16*

17'

FIG. 189. Horizontal Isogeotherms.
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factor of importance is the interior heat of the earth, and we find

that,, provided the medium has the same conductivity through-
out, the temperature increases i C. for every 33 metres of depth.
We get in fact a series of horizontal surfaces at the same tempera-
ture. These are called isogeotherms, and they indicate the volume
of flow of heat from the interior upwards. When the surface is

not horizontals with a mountain, the isogeotherms will obviously
be distorted (Fig. 190), being bent upwards near the surface, and

approximating more and
more to a plane surface as

the depth is increased.

A knowledge of the con-

tour of isogeotherms is very
useful. In building long
tunnels under mountains,
for example, the centre of FlG . I90 . Isogeotherms under
the tunnel is often found to a Mountain,
be very hot, and a previous

knowledge of the temperature changes which it may be expected
would have to be encountered would be an obvious advantage
to the engineers designing the tunnel. Again, the elastic pro-

perties of the earth are greatly influenced by temperature

changes. Earthquakes nearly always occur in connection with

mountain ranges. The problem is one which of course scarcely
lends itself to experiment, and much of our present knowledge
of the subject is due to analytical investigations by Prof. Lees.

EXAMPLES ON CHAPTER XIII

1 . How would you demonstrate that copper is a better conductor
of heat than iron, and that mercury is a better conductor than
water ? [Army.]

2. What is the thermal conductivity of a substance? How
would you compare the thermal conductivities of two metals?

[C. Sp.]

3. A bar of metal is heated at one end ; on what does the tempera-
ture of a point on the bar depend (i) before and (2) after the bar
has reached a steady state ? [C. Sp.]

4. Explain the fact that if a piece of copper gauze is held above
R
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a gas-burner and the gas is lighted above the gauze, the gas below
the gauze does not ignite. Describe and explain the action of the

Davy safety lamp. [C. First M.B.
j

5. Describe a simple method of measuring the conductivity of

wood. What source of error is met with in applying the method
to metals, and how has it been avoided ? [L. Inter. Sci.]

6. The walls of a cottage are 24 cms. thick, and are of conductivity
.005. If the temperature of the inside wall is 5 in excess of the

outside, and the area of the walls is 200 sq. metres, how much heat
is lost per hour through the walls ? [L. Inter. Sci.]

7. A metal vessel, i sq. metre in area, and whose sides are 0.5 cm.
thick, is filled with melting ice, and is surrounded by water at 100.
How much ice will be melted in an hour ? The conductivity of the
metal is 0.02, and the latent heat of fusion of ice is 80. [L. Inter. Sci.]

8. A steam-pipe at 170 C. is covered with badly conducting
material 5 cms. thick. The outer surface is at 30 C. An hourly
loss of 45,000 cals. is observed per 30 cms. length of pipe whose
mean circumference is 50 cms. Calculate the conductivity of the
material. [L. Inter. Sci.]

9. Suppose 10 cms. of ice to have already formed on a pond,
and that the air is at 5. How long approximately will it take
for the next millimetre to form? [Conductivity of ice =0.005,
latent heat =80.] [L. Inter. Sci.]

10. Describe carefully one method of determining the thermal

conductivity of a metallic bar, and enumerate the experimental
precautions necessary to secure an accurate result. [L. B.Sc. Hons.]

11. Define the thermal conductivity of a substance, and explain
how it can be measured in the case of badly conducting substances
like glass. [L. B.Sc. Pass.]

12. Define thermal conductivity, and point out some of the
difficulties met with in measuring thermal conductivities. Describe
some method of comparing accurately the conductivities of sub-
stances of low conductivity. [L. B.Sc. Pass.]

13. Define the coefficient of conductivity for heat. What is the
coefficient of conductivity of a badly conducting substance upon
which the following experiment was made ? A tin cylinder, 40 cms.
in diameter and 50 cms. in length, is covered all over by a layer of

the material .33 cm. in thickness. Steam is passed through the

cylinder at a temperature of 100 C., and the external temperature
being 20 C., water is found to accumulate at the rate of 3 grs. per
minute. The latent heat of steam at 100 may be taken as 537
calories per gram. [L. B.Sc. Pass.]

14. The interior of an iron steam pipe, 2.5 cms. internal radius,
carries steam at 140 C., and the thickness of the wall of the pipe
is 3 mms. The coefficient of emission of the exterior surface (heat
lost per sec. per sq. cm. per degree excess) is .0003, and the tempera-
ture of the external air is 20 C. If the thermal conductivity of

iron is .17 C.G.S. unit, find the temperature of the exterior surface,
and also how much steam is condensed per hour per metre length
of tube, the latent heat of steam at 140 being 509. [L. B.Sc. Pass.]
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15. Describe a method for the determination of the thermal

conductivity of a liquid.
1 6. A steam-pipe, 2 in. diameter, conveying steam at atmospheric

pressure is covered with lagging whose thermal conductivity is

o.2Xio- 3
, the units being the caloric, centimetre, second, and

degrees centigrade. The over-all diameter of the lagged pipe is

4 in., and- it loses heat from the surface at a rate of 2 thermal units

per hour for every degree by which the surface temperature exceeds
that of the surrounding air. Show that if the air temperature be

15 C., the rate of condensation of steam in the pipe will be about
.06 Ib. per hour per foot length. [C. Mech. Sci. Tripos.]

17. Discuss some method by which the thermal conductivity of

a gas has been determined. What are the experimental difficulties

encountered in such an experiment, and how have they been dealt
with?

18. What do you understand by a " wave of temperature
"

?

What are the characteristics of such a wave, and how does the

necessity for their study arise ?
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CHAPTER XIV

MODES OF TRANSFERENCE OF HEAT RADIATION

226. Radiant Energy. It was explained in Art. 197 that

radiation is the third mode of transference of heat from a body
A to a body B. It is characterised by the fact that there is no

intervening material to play any part in the transmission. The
fact that A is

"
hot

"
in the sense that it is at a higher tempera-

ture than that of its surroundings tells us that its molecules and
the electrons composing those molecules are in a state of internal

agitation. This causes waves to be set up in the ether, just as

waves would be set up in a still pool if a stone be thrown in, with

this difference, that the waves in the ether are much more

complex. A wave is usually made up of a line of vibrating

particles, each vibrating as a result of the vibrations of its

neighbours, i.e., the vibrations are
"
passed along the line

"
until

something intervenes to prevent their being passed further. In

our example the body B is the intervening substance, and as a

consequence of the impinging of the ether waves upon it,

agitations are set up in the electrons within the molecules of B,
and this, as we know, reflects itself in a rise in temperature. We
say that B is absorbing the radiations which are being emitted

from A.

At A and B, we know the energy to be in the form of heat;

any instrument which detects heat is able to tell us this.

Between A and B, however, the energy is no longer in the form
of heat. It has been converted to ether waves, and we speak of

it as radiant energy. We have no means of detecting radiant energy
as such ; there is no such thing as the

"
temperature of space,"

about which we so often read. Space implies that from which

matter is absent, and where matter is absent, ideas of tempera-
ture are non-existent, for temperature measures the degree of

warmth of matter. We can only detect radiant energy by con-

verting it into heat energy, i.e., by interposing an absorbing

body, such as the body B to which we have just referred.
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227 . Light and Heat. Electro-magnetic Nature of Ether Waves.
But heat alone is not the only form of energy which can be con-

verted into radiant energy. Light does this also. Thus the sun

not only supplies us with heat, but also with light ;
and the

means by which this is done is identical in the two cases. Both

light and heat are a consequence of electronic vibration, and
both set up ether waves, and hence both become radiant energy.
In what respect then do they differ ?

We have pointed out that a wave is usually the
"
passing on

"

of a condition of vibration in succession of a line of particles.
This is not the only form a wave may take. If we consider a line

of points in a medium, then a wave may also mean the
"
passing

on "
from point to point of a cycle of changes of any kind in the

medium. We have reasons for believing that the ether waves
are not of the nature of lines of vibrating particles. The effect

of the rotation and oscillations of the minute negative electrons

about the positive nucleus of a molecule (Art. 76) is to set up a

cycle of electro-magnetic changes. It is unnecessary for the

student to understand the exact nature of these changes ;
but it

is the propagation through space of this cycle of electro-magnetic

changes which constitutes an ether wave. Every point along
the

"
line of wave "

passes repeatedly through the complete
cycle of changes, just as every particle along an air wave of

sound passes through a cycle of vibrations, and for convenience

we may refer to a complete cycle of electro-magnetic changes at

a point as a complete
"
vibration." The student, however, must

be careful not to confuse this use of the term with its ordinary

significance. Using the term in this sense, therefore, we may say
that each ether particle vibrates with a definite period which is

such a very small fraction of a second that its frequency, or

number of vibrations per second, amounts to billions. A body
which is emitting both heat and light creates in the ether waves
of thousands of different frequencies. Beyond this there is no

physical difference between heat and light. The vast difference

of impression which they convey to us as human beings is solely
a consequence of how the nervous system responds to them.
If we substitute ourselves for the body B, then the radiant energy
falls on us, and we find that for a certain range of wave frequen-
cies the optic nerve is affected, and we interpret the energy as

light; whilst for a range of frequencies below this we find the

sight is in no way affected. Instead our sense of temperature
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interprets the radiant energy for us as heat. Roughly speaking,
we interpret as light waves of frequencies from 4 x io14 times per
second to 7 x io14 times per second; below 4Xio14 times per
second we interpret the waves as heat. Heat and light are not

the only forms of radiant energy, but they are all with which
we need deal in this book.

228. The Detection of Heat Radiation. Diathermancy and

Athermancy. We know from experience that many substances

are transparent to light ;
that is, when we interpose such a body

in the path of radiant energy, part of which may consist of
"
light

waves/' the vibrations are not stopped and converted into light,

but pass right through the body and continue their course.

In exactly the same way we have bodies which are transparent
to heat vibrations. Such bodies do not get hot when interposed
in the path of

"
heat waves," and their molecular agitations are

not appreciably increased. We speak of them as being diather-

manous, whilst substances which do absorb the radiations and
exhibit a consequent rise in temperature are called either inanoiis.

Further, just as no body is perfectly transparent to light, so

no body is perfectly transparent to heat. Amongst the many
thousands of different frequencies of vibration of the different

waves, there are always some for which a body will be diather-

manous, and others for which it will be athermanous.
In speaking of the waves for which any particular medium is

transparent or opaque, we more usually refer to the wave length
than to the frequency. We mean by the wave length the distance

through which the wave as a whole has travelled in the time that

any one of the line of
"
vibrating particles

"
constituting the

wave has completed one entire
"
vibration." Obviously the

greater the duration of one complete vibration, the greater will

be the wave-length, but on the other hand the less will be the

number of complete vibrations per second, i.e., the less will be

the frequency. Hence waves of high frequency have small wave-

lengths, whilst waves of low frequency have long wave-lengths.
Now of all substances, perfectly black bodies are the most ather-

manous ; practically all radiations are absorbed, both heat and

light. When radiant energy falls on such a body, e.g., lampblack,
it quickly becomes hot, and remains black. It becomes hot

because all the thermal radiations are absorbed and converted

into heat, and it remains black because all the light radiations

are absorbed and none is either reflected back or passed through.
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For substances other than perfectly black bodies
,
the degree

to which diathermancy obtains is different for different wave-

lengths. Thus glass is transparent to light waves of wave-lengths

10
FIG. 191. Crookes' Radiometer. FIG. 192. Thermoscope.

roughly between 7 x io~5 cms. and 3 x io~5 cms., but it is opaque
to heat waves longer than 7 x io~5 cms. wave-length ;

hence

the use of glass fire-screens. Ice and distilled water are both very

opaque to heat rays, but on the other hand pitch, which is
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opaque to light waves, is transparent to a wide range of heat

waves, of wave-lengths roughly from 7 x io~5 cms. to 20 x io~5

cms. Quartz, in contrast to black substances, is transparent to

nearly all wave-lengths, not only for those of light and heat, but
also for wave-lengths shorter than those to which the eye is

sensitive. Rock-salt and sylvite (potassium chloride) are also

transparent over a wide range of heat radiations.

Hence, when it is desired to interpose in the path of heat rays
a substance which will permit of the passage of the rays through
it, quartz, silvite, rock-salt, or pitch would be used. When,
however, we wish to stop the heat waves, we interpose a black

body ;
this absorbs the radiant energy, and exhibits a rise in

temperature. By noting this rise in temperature, we are able to

detect the presence of thermal radiations.

A striking illustration of the absorbing power of black surfaces

is seen in Crookes' Radiometer (Fig. 191). This consists of four

vanes delicately suspended in a bulb from which nearly all the

air has been extracted. One side of each vane is blackened, and
the other polished, so that as the instrument is turned round the

faces are alternately black, bright, black, bright, etc. When heat
radiations fall on the instrument, the vanes rotate in a direction

such that the black faces are pushed backwards. The explana-
tion is as follows. Of the two faces of each vane, the black face

absorbs the radiations while the bright face reflects them back.

Hence the black face becomes warmer than the others, and this

raises the temperature of the air molecules on the black side

above that of the molecules on the bright side. And while nor-

mally the pressures on the faces as caused by the impact of the

molecules upon them are equal, the effect of this excess of

temperature on the black side will be to increase the velocity of

the molecules, arid therefore to cause the pressure on the black

face to be greater than that on the bright face. Hence the vanes

always revolve with the black faces moving backwards. The
reason for removing most of the air from the bulb is to avoid

convection currents.

Fig. 192 shows a simple detector of heat radiations the

thermoscope. Exhausted of all air, the instrument contains some
ether (in the lower bulb) and ether vapour. The lower bulb is

blackened, and when heat
rays

fall on it, it absorbs them, and
its temperature goes up. This increases the vapour pressure of

the ether vapour in the lower bulb above the liquid, and it
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accordingly expands and forces the ether round the bend and

up the stem. The extent of this motion is a measure of the

amount of radiation which falls on the bulb.

The differential thermoscope is simply the usual form of differ-

ential air thermometer described in Art. 5, with the bulbs

blackened to increase the sensitiveness of the instrument.

FIG. 193. Nobili's Thermopile.

229. Nobili's Thermopile. The thermoscope,, however, is not

sufficiently sensitive for quantitative purposes. Instead we use

the principles of thermo-electricity described in Chapter I. One
of the oldest forms of radiation measurers is Nobili's Thermopile.
This is based on the principle of the thermo-circuit referred to in

Art. 23. The effect there described is multiplied by arranging a

number of couples of bismuth and antimony in two sets at right-
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angles such that,, having formed a series,, the bismuth of the first

is soldered to the antimony in the second series, and so on, until

the required number of couples is obtained, commencing with

the antimony and finishing with the bismuth. The couples are

insulated from each other by small paper bands covered with

varnish. The whole is enclosed in a frame, and two terminal

screws are attached, one to the first antimony to represent the

positive pole, and the other to the last bismuth as the negative

pole (Fig. 193).
To protect the pile from local temperature changes, a cover is

provided. The heat radiations are allowed to fall on one set of

junctions on one side of the in-

strument, and in order to con-

centrate the rays a polished
conical metal case is provided,
whilst in order to increase the

sensitiveness of the pile, the

side upon which the rays fall is

blackened. By connecting the

terminals of the pile to a suitably
sensitive galvanometer, it is

possible to record differences of

temperature to within one-thou-

sandth of a degree.

230. Boys' Radio-Micrometer.

A far more sensitive instru-

P
Small Strip of ment than the thermopile is the

'blackened Cu radio-micrometer, due to Boys.
FIG. 194. Boys' Radio- The principle upon which this

Micrometer. depends is as follows. When
an electrical conductor in the

form of a coil is placed in a magnetic
"

field," i.e., in the

region of a magnet, it is found that on sending a current

of electricity round the circuit, the coil rotates through an

angle. The greater the current we send round, the greater
is the angle through which the coil rotates

;
and also the

greater the magnetic field in which the coil is placed, the greater
is the angle of rotation. It is the product of these two quantities

(the strength of the field and the strength of the current) which

matters, and hence by having a very strong magnet, it is possible
to obtain an appreciable deflection with only a very small
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current. In Boys' radio-micrometer (Fig. 194) the upper part of

the coil consists of thin copper wire, and it terminates at its

lower end in two short rods., one of antimony and the other of

bismuth
,
soldered to a blackened disc of copper or silver. The

coil therefore acts as a thermo-couple. It is delicately suspended
between the two poles, N and S, of a powerful electro-magnet

by means of a quartz fibre. Attached to this fibre, just above
the coil, is a small mirror. The radiations falling upon the copper

FIG. 195. Boys' Radio-Micrometer.

or silver disc set up a thermo-current, and the coil in consequence
rotates until the torsion in the fibre brings it to rest. The angle
of this rotation is measured by noting the deflection of a spot of

light reflected from the mirror on to a scale. The spot of light

rotates through twice the angle of rotation of the coil, thus

doubling the sensitiveness of the instrument. Fig. 195 shows a

laboratory form of the instrument.

Boys' radio-micrometer is an exceedingly sensitive instrument,
and can read to a millionth of a degree Centigrade. A candle-

flame placed a mile away will appreciably affect the instrument.

More recently Nicholls has designed a still more sensitive form
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FIG.

of radio-micrometer. This is a modification of Crookes' radio-

meter in which means is provided for accurately measuring the

angle through which the vanes suspended from a quartz fibre

in an exhausted bulb rotates when heat radiations fall on them.

LAWS OF HEAT RADIATION

231. (i) Heat Radiation travels in Straight Lines. This can

be very easily demonstrated by interposing a screen of a suitable

kind in the path of the

heat rays. Such a screen

usually consists of two
tin sheets, placed vertical

and parallel to each other,

separated by an air space
of about i cm. It is

196. Heat Radiation travels in found thatwhile a record-

Straight Lines. ing instrument placed
behind the screen S (Fig.

196) anywhere in the

region of the
"
heat

shadow "
records no

effect, as soon as it is

placed outside this region
a rise in temperature is

at once recorded.

Another experiment is

illustrated in Fig. 197.
S is the heat source, and
B is a hole in a double

screen placed fairly close

to S. Behind B is another screen blackened over with lamp-
black. Then it is found that while a recording instrument

placed anywhere immediately in front of this second screen

records no rise in temperature, when placed at A in a line with B
and S a definite rise is recorded.

232. (2) Heat Rays obey the same Laws of Reflection and

Refraction as Light. That heat rays are reflected in accordance

with the laws of reflection for light can be demonstrated by the

apparatus shown in Fig. 198. The reflecting surface is a bright
sheet of tin, mounted so that it can easily be turned about a

B

,holc

FIG. 197.
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vertical axis through any angle, the angle being indicated by a

light pointer moving over a graduated arc on the base-board as

shown. The heat rays are guided along their paths by two long
tin tubes, mounted horizontally so that their axes meet on the

screen. The tubes are arranged at angles equally inclined to the

pointer. The source of radiation, in the form of a hot metal ball,

is mounted so as to be at one end of one tube, and a thermoscope
is placed at the other end. An immediate and considerable rise is

FIG. 198. Law of Reflection for Heat Rays.

at once indicated. If, however, the screen be rotated into any
other position, very little rise indeed is indicated . Hence the rays
are reflected such that the angle of incidence is equal to the angle
of reflection, etc.

A further verification may be obtained by arranging two large

concave, spherical mirrors of brightly-polished copper with their

principal axes coinciding, as shown in Fig. 199. The hot body is

supported at the focus of one mirror. Heat rays coming from it

are reflected as with light mirrors, into a beam of rays parallel to

the axis, and on this beam striking the other mirror, the rays are

again reflected to converge on to its focus. Hence a recording
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instrument placed at this focus at once indicates a rise in

temperature, and if a small piece of easily inflammable substance

be placed there it quickly catches fire.

That heat rays are refracted in the same way as light rays

FIG. 199. Reflection of Heat Kays.

may also be shown by a number of simple experiments. It will

be sufficient here to point out that just as a beam of parallel rays
of white light is spread out as a result of refraction by being

FIG. 200. Refraction of

Heat Rays.

FIG. 201. Inverse Square
Law for Radiant Energy.

passed through a triangular prism, so we ate able to spread out
the rays from a heat source by interposing a prism of quartz,

pitch, or rock-salt (Fig. 200).
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The "
burning-glass

"
familiarjto every school-boy is another

example of the refraction of heat rays on passing through a lens.

233. (3) The Amount of Radiant-Energy falling upon Unit Sur-

face of a Substance is inversely Proportional to the Square of the

Distance of the Surface from the Heat Source. If heat rays
travel outwards from a point-source equally in all directions, as

they do according to the wave theory, then this
"
inverse-square

law," as we call it, will naturally be obeyed. For consider a point

[Fie. 202.

source S (Fig. 201) emitting a quantity of radiant energy Q units

per second. Let this energy fall on a sphere of radius rv
Area of spherical surface =4^^.

.'. Q units per second fall on 4717^ sq. units of area.

..
^

i unit of area at a distance r

If, however, the rays be intercepted by a sphere of radius r2 ,

the same amount of energy per second Q will now be distributed

over a larger area'4^2
2
,
so that the intensity of radiation, or the

amount of heat falling per second on unit area, will now be ~

much less than that falling on unit area of the smaller sphere.

Comparing, we have

___
intensity of radiation at distance r1 _47ir1

2
_/ 2

2

intensity of radiation at distance r2

~
Q ~r^
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Hence the intensity is inversely proportional to the square of

the distance from the heat source.

This may be verified experimentally by the apparatus shown
in Fig. 202. A large radiating surface is provided by a flat tin

vessel 75 cms. by 75 cms. by 10 cms., one of the large faces being
covered with lampblack. Boiling water is introduced at the top
to fill the vessel, and a thermopile is placed as shown in the figure

to face the blackened surface. The heat supplied by the hot

water in the vessel is emitted by the black surface, and part of it

will fall on the thermopile. If we produce the conical case of the

pile to cut the emitting surface in a circle, as shown by the dotted

line in the figure, we obtain that portion of the surface whose rays

B
will be received by the instru-

ment, producing a certain

deflection in the galvanometer.
If we now move the thermo-

pile back a little distance, the
"
cone of radiation

"
will

obviously cut the emitting
face in a larger circle, thus

FIG. 203.

increasing the area from which radiation is received. In spite of

this the instrument gives the same deflection as before
; showing

that although the area of radiation is increased, the intensity is

diminished, and as these are the two factors which determine
the deflection recorded by the galvanometer, we obviously have

area x intensity
= constant,

i.e., intensity of radiation oc

area

But by geometry, the areas of the circles are proportional to

the squares of the radii, and if AC and BC are the respective
radii (Fig. 203) when the pile is successively at and C^, we

by similar triangles have

AC_OC
BC Of

i.e., the radii are proportional to the distances of the pile from the

emitting surface.

Hence intensity of radiation

V
square of distance from emitting surface
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234. Emissivity. Whenever a body is hotter than its sur-

roundings, it radiates heat, i.e., it emits. radiant energy. Upon
what does the amount of this depend? An obvious factor will be

the area of the emitting surface ;
if we double the surface, we

double the amount emitted per unit time, and so on. Again, the

excess of temperature over that of the surroundings is an im-

portant factor. It will be remembered that if we draw up a cool-

ing curve for any substance (Chapter X.), we find it to be steeper
at higher temperatures than at lower, giving rise to Newton's law

that the rate of cooling is proportional to the excess of tempera-

Time
FIG. 204. Influence of Surface on Emission

of Thermal Radiations.

ture over that of the surroundings. A third and very important
factor is the nature of the radiating surface. If we take a bright

copper or aluminium calorimeter, and another of the same size

and surface, blackened over with black paint, and place hot
water in each, a comparison of cooling curves shows a result of

the type indicated in Fig. 204. The blackened calorimeter cools

the more rapidly and therefore emits its radiations more rapidly
than the brighter vessel.

The emissivity of any given surface is defined as the amount of
heat emitted per square centimetre per second per degree excess over

the temperature of its surroundings.
This can be determined from the cooling curve by finding in

S
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the usual way the rate of fall of temperature corresponding to any

given temperature on the curve (Art. 169) and multiplying it by

(mc+miC^), and then dividing by the total area of radiating
surface.

Thus,, if we denote by 6' the rate of cooling corresponding to

the temperature 6, then

... , 9'(f+WMi)
heat emitted per sq. cm. per sec. =

Â
where A= effective area of radiating surface.

Also, if
<j>

denote the temperature of the surroundings, we have

(emissivity)=heat emitted per sq. cm. per sec. per degree
excess over surroundings

We have pointed out that the emissivity of a body depends
upon the nature of the radiating surface. The student should

be careful to notice the influence of the hot liquid placed inside

the calorimeter whose radiating surface is being considered.

If instead of water we substitute some other hot liquid, the rate

of cooling will be different, i.e., we get a different cooling curve.

Nevertheless, if we work out e as shown in the previous article,

we get the same value as before. The different values for c in

the two cases accounts for this. The distinction is really that

between rate of loss of temperature, which is determined by the

liquid in the calorimeter, and the rate of loss of heat, which

depends upon the nature of the radiating surface. The latter

is independent of the liquid within. This important fact is used,
it will be remembered, in the determination of the specific heat

of a liquid by the method of cooling (Art. 174).

235. Emissive Power. Of all surfaces, none radiates heat

faster than a perfectly black surface. We speak of the emissive

power of a surface as the amount of heat it radiates per sq. cm. per
sec. compared with the amount of heat radiated by a perfectly black

surface per sq. cm. per sec.

An obvious method for determining this is by a comparison
of cooling curves (Fig. 204). For a given small temperature

range, the emissive powers will be inversely proportional to the

times of cooling ; or, for a given time, it will be directly propor-
tional to the fall in temperaturei
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Leslie in 1804 used the apparatus shown in Fig. 205 for com-

paring the emissive powers of different surfaces. A tin cube A,
filled with boiling water, had its vertical faces coated over with
the various substances to be compared. The heat rays emitted

by any one face were intercepted by a parabolic brightly polished
tin mirror B, and were reflected to a focus at C. The recording
instrument was placed at C. A more reliable experiment was
later carried out by
De la Provostaye
and Desains, who
pointed out that in

Leslie's experiments
some of the heat

reaching C would
come from sources

other than the sur- FlG -

face under test. This

they prevented by
interposing between
a Leslie's cube A
(Fig. 206) and a

thermopile P (about

50 cms. apart) a

double metal screen

B whose outside

faces are lamp-
blacked, and whose
inner faces are bright.

205. Leslie's Method of Comparison
of Emissive Powers.

n

u
FIG. 206. De la Provostaye and Desains'

Method of Comparison of Emissive Powers.

Radiation could thus reach P from A
only through the hole in the centre of the screen. The relative

emissive powers were obtained directly by reading the deflection

produced in the galvanometer.
De la Provostaye and Desains obtained the following results

when the temperature of the radiating body was at 120 C. :

Lampblack
Indian ink

Platinum

100

ii

Copper
Silver

5
2 to 3

as a

It is therefore seen that while a perfectly black surface acts

complete radiator," the brighter the surface the smaller

is its emissive power. For the polished metallic surfaces the

value is very low indeed.
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236. Reflecting Power. When a
"
bundle

"
of heat rays is

incident upon a surface, the energy divides up into three por-
tions. Part of it is reflected back into the first medium (Fig.

207) in a direction such that the angle of incidence is equal
to the angle of reflection. A second portion is transmitted

through the medium, i.e., to these rays the medium is diather-

manous, and the remainder, which is neither transmitted nor

reflected, is absorbed by the medium, and produces a rise in

its temperature.
It is natural to expect that a surface from which the heat

is largely reflected will

^ ^^ absorb very little heat,
whilst a substancewhich
is a good absorber will

necessarily reflect very
little heat.

The reflecting power
of a substance is defined
as the amount of heat

which is reflectedfrom its

surface per sq. cm. per
sec. compared with the

amount of heat which is

incident upon it per sq.

cm. per second.

Leslie compared the

reflecting powers of

various surfaces by a
method which was a

slight modification of

his method for com-

paring emissive powers described in the previous article. Rays
from heat source S (Fig. 208) were reflected from a large metal

mirror, and instead of being brought to a focus at C, were inter-

cepted by the surface AB whose relative reflecting power it was
desired to find. The rays which were reflected from AB were

brought to a focus at T and were there made to affect a thermo-

pile and galvanometer. Another surface of the same dimensions
as AB was now substituted, and the experiment repeated. The
ratio of the galvanometer readings was the ratio of the reflecting

powers,

FIG. 207.

FIG. 208. Comparison of Reflecting
Powers.
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Fig. 209 illustrates another method for the comparison of

reflecting powers. Heat is emitted from a heat source S, and is

directed through a hole in a screen

A on to a surface M arranged at 45
to the direction of the incident rays.
From thence it is reflected through
a hole in a screen B on to a ther-

mopile T. T and B are adjusted to

give the maximum deflection in the

galvanometer, so that the reflected

ray is at right angles to the inci-

dent ray. Screen C prevents direct
r

x \
radiation from S to T. By sub- C
stituting in turn a number of dif- FIG. 209. Comparison of

ferent surfaces M and comparing the Reflecting Powers,

corresponding galvanometer read-

ings, the required relative reflecting powers are determined.

The following are some of the values found :

Fraction of Incident Light.

Silver . . .97

Gold 95
Brass . . . .93 De la Provostaye

Speculum metal . . .86 and Desains.

Tin 85
Steel 83
Glass 10 i T r

Lampblack. . .00}
L

237. Absorptive Power. We define as the absorptive power of
a surface the ratio of the amount of heat absorbed per sq. cm. per
sec. to the amount of heat falling on it per sq. cm. per sec. The

absorptive powers of different substances have been compared
by De la Provostaye and Desains by the following method. The
bulb of a thermometer was coated with the material to be tested,
and was then heated to above the highest temperature which
would subsequently be used for experiment. It was then allowed

to cool in a protected vessel, and a cooling curve was drawn up.
The thermometer was then exposed to heat rays from some
suitable source, the rays being directed on to the bulb by means
of a

"
heat lens." At first, the thermometer was receiving heat

faster than it could radiate it, and a rise in temperature was
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accordingly recorded. After a time, however, the mercury thread

remained steady, showing that the heat absorbed was now equal
to the heat radiated. Suppose this temperature was 6, and that

a reference to the cooling curve previously drawn showed that

the rate of cooling corresponding to this temperature was 6'

degrees per second.

Then denoting by W the water-equivalent of the bulb, the

heat lost per second was W6'. But since the steady state was

reached, W6' must also represent the heat absorbed.

Using the same source of heat, the experiment was now

repeated with a different substance covering the bulb, and a new
value W0" was obtained for the heat absorbed.

Hence ratio of absorpting powers
Heat absorbed by first surface

Heat absorbed by second surface

_W9'_6
/

we"~e*

The following are some of the results which have been obtained

when the heat source was at

100 C. :

Lampblack . .100
Isinglass . . 91
Indian ink . . 85
Shellac ... 72
Metals . . .13

The results are very interesting,
for comparing them with those

obtained for the emissive powers of

surfaces, it is seen that a substance

which is a good absorber of heat is

a good radiator of heat, whilst a

substance which is a bad absorber

of heat is a bad radiator of heat.

Also, a substance which is a good
absorber or radiator is a poor re-

flector, whilst a good reflecting
surface is a poor radiating or absorbing surface.

238. Ritchie's Experiment. The relationship between emis-

sion and absorption has been very strikingly illustrated by
Ritchie in an experiment shown diagrammatically in Fig. 210.

FIG. 210. Ritchie's Ex-

periment.
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An air thermometer of the differential type has two drum-shaped

bulbs, the inner surface A of one being lampblacked, whilst the

inner surface of the other D is a polished white surface. Inter-

posed between these is a cylindrical can containing boiling water

at 100 C. The. end B facing the blackened surface A is bright
and polished, whilst the other end C facing the bright face D is

blackened.

The white face B emits very little radiation, but such as is

emitted is readily absorbed by the black face A. The black face

C, on the other hand, emits a good deal of radiation, very little

FIG. 211. Electrical Modification of Ritchie's Experiment.

of which, however, is absorbed by the bright face D. As a result

it is found that the readings of the liquid column in the two stems
are the same as before, showing that the total heat absorbed by
D is equal to the total absorbed by A.

Let E=emissivity of surface C of the cylinder.
a= absorptive power of surface D of the right drum-head.

.*. amount of heat absorbed by D per sq. cm. per sec. = Ea,

Also, let =emissivity of surface B of the cylinder,
and A= absorptive power of surface A of the left-hand

drum-head.
/. amount of heat absorbed by A per sq. cm. per sec.=eA.
But since the liquid levels indicate no change, plates A and D

absorb equal amounts.
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.% eA=Ea.

e _ a
''

E~~A.

.*. the ratio of the emissivities of the two surfaces is equal to the

ratio of their absorptive powers.

Fig. 211 shows a simple modification of Ritchie's apparatus to

permit of the use of electrical registration. A and D are two tin

plates, A being blackened, and D bright. B and C are two faces

of a Leslie cube, B being bright and C black. Boiling water is

poured into the cube to provide the heat, tt are two thermo-

j
unctions joined by leads to a galvanometer, and the circuit is

completed by a wire joining the tops of the plates. If one plate
is at a higher temperature than the other, a thermo-current is

generated, its strength being indicated by the galvanometer.
As a matter of fact, however, no deflection whatever is observed.

239. Prevost's Theory of Exchanges. The various facts which
we have considered on the subject of radiation are all consis-

tently explained by the theory of exchanges initially propounded
by Prevost, of Geneva. When a hot body is placed in cooler

surroundings, we know that it radiates its heat to them, its

temperature diminishing in consequence, until it has been

reduced to the temperature of the surroundings. Apparently
nothing further now takes place, and the body has ceased to

radiate heat. A moment's consideration will show, however,
that this is impossible, unless we reject the kinetic theory of

matter, and the wave theory of radiant energy.
Waves are propagated through the ether, it will be remem-

bered, by the vibrations of electrons. Only if these are at rest,

then, will it be impossible for ether waves to exist. We know,
however, that so long as a body is at a temperature above that

of the absolute zero, i.e., above 273 C., its molecules, and
therefore its electrons, are not at rest, but are vibrating, and
therefore generating radiant energy in the form of ether waves.

Further, to each electron there is
"
attached

"
a definite period

of vibration (Art. 227), thus, giving jrise to a wave of definite

frequency and wave-length. Between the millions of molecules

constituting any small portion of matter, there are no doubt

thousands of different periods of vibration, and therefore such

a small body will generate waves of thousands of different

frequencies.



RADIATION 281

What happens when these waves, having travelled through
the ether, are intercepted by another collection of millions of

molecules in the form of another small body ? Here there comes

into play what is known as the principle of resonance. Each
wave instinctively

"
picks out

"
that electron whose frequency

of vibrations coincides with its own, and if that electron is not

already vibrating, the wave sets it vibrating
"
in tune

"
with

its own period, whilst if, as will in general be the case, the elec-

tron is already vibrating with that frequency, it is set vibrating
more violently, its amplitude, i.e., its range of oscillation, being
increased. The ether wave will have not the slightest effect on

any other electron whose frequency differs from its own. Hence
the radiant energy which was in the form of ether waves is now
converted into molecular energy, i.e., into heat, and this is

manifested, as we know from the kinetic theory, by a rise in

temperature. We say these waves are absorbed by the body.

Again, suppose it happens that amongst the waves which are

intercepted by the body there are those of certain frequencies
such as are possessed by no- electron in the intercepting body.
These waves will be unable to influence the molecules or their

electrons in any way whatever, and they cannot be converted

into molecular energy, or heat. They will therefore pass on right

through the body, and continue their course through the ether

beyond, i.e., to such waves the body will be transparent.
It will now be obvious to the student that perfectly black

bodies are such as possess molecules containing electrons which
will vibrate with every known variety of frequency. Such a

surface can therefore generate every variety of wave-length, and
when intercepting radiant energy, is able to absorb every variety
of wave-length impinging on it. For the same reason, no waves
will be able to penetrate the medium. It is perfectly opaque.
Bodies, on the other hand, which are not perfectly black, are

lacking to different degrees in electrons of certain frequencies
of vibration. Such surfaces are therefore unable to generate

corresponding waves, or if waves with such frequencies

impinge upon them, they cannot be absorbed, but must pass

through. The brighter the body, to a greater degree does this

happen.
Finally, it should now be perfectly evident why a body which

is a good radiator is a good absorber, whilst a body which is a

bad radiator is a bad absorber. For both are governed by the one
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factor of the ability of the electrons constituting the body to

vibrate in a definite manner.
All these considerations led Prevost to the conclusion that

when a body has cooled to the temperature of its surroundings,
it is incorrect to assume that radiation has ceased. The fact that

its electrons are still vibrating proves that radiation, i.e., the

generation of ether waves, still continues, but on the other hand
the argument applies equally to the surroundings, the electrons of

whose molecules must be at the same time radiating heat to the

body. An exchange is therefore going on, and the temperature
of the body now remains constant merely because the amount
of heat which is being received from the surroundings is exactly

equal to the amount of heat which is being radiated to the sur-

roundings. A state of thermal equilibrium thus exists. This not

only applies to radiations in general it is true for every particu-
lar wave-length, for we can envelop the body with a screen such

as will only be transparent to one particular wave-length, and
still the temperature remains the same. The theory of exchanges
therefore holds for radiations of particular wave-length as well

as for radiations in general.

THE THERMAL SPECTRUM

240. The instruments for detecting radiation which were

described in Arts. 229 and 230, although very sensitive, are

restricted in their use. They are only able to detect the

presence of thermal radiations in general. In modern work,

however, it is important to be able to detect radiations of

particular wave-lengths to the exclusion of others, and for this

purpose special forms of instruments,known as linear instruments,
are necessary. Just as we are able to analyse white light by means
of a spectroscope, which spreads the rays out into a band or

spectrum of coloured light whose wave-lengths, as we go from

the violet end towards the red end, become increasingly large,

so we are able, by substituting for the glass prism one of quartz,
or pitch or rock-salt, to spread out the thermal rays, separating
the waves of different wave-lengths from each other, the short

waves at one end, and the long waves at the other. There is this

important difference, however, between the light spectrum and
the thermal spectrum the former is visible, whilst the latter is

invibible. The former we are able to study with a telescope



>O

RADIATION

thermal radiations require that we should substitute for the

telescope some instrument which is capable of detecting and

measuring them. It is for this purpose that linear instruments

are used. We shall here refer to two types (i) Rubens' Linear

Thermopile and (2) Langley's Bolometer.

241. Rubens' Linear Thermopile. This is a modification of

Nobili's thermopile. A number of thermo-junctions are con-

structed of iron (or copper) and eureka (a nickel-copper alloy),

and are arranged so that all junctions of one kind are on a central

line (Fig. 212), whilst of the other junctions, a half are on one side

and a half on the other. This is encased

in a screen of metal or cork arranged with
a slit so that only the central line of June-
tions is exposed to radiations. The
whole is fitted in a round case which is

placed in the centre of the field of view
of the eye-piece of the spectroscope,

taking the place of the cross-wires of the GX
telescope. By moving this over various ^
parts of the spectrum, each wave-length .^T'

may in turn be separately studied by FIQ 2I2._Rubeng ,

the deflection it produces in the galvano- Linear Thermopile.
meter attached to the instrument.

The arrangement is extremely sensitive. When the radiations

fall on the middle line of junctions, an excess of temperature
is set up above that of the other set of junctions causing a current

to be induced. This rise in temperature is not instantaneous, of

course. It continues until the amount of radiation received per
second from the source of heat which is being studied is exactly
counterbalanced by the loss of heat by convection, conduction,
and radiation to the surroundings. This

"
steady state

"
takes a

second or two to be established, and the deflection is then read.

However, the heat losses prevent the temperature from going

up as high as it otherwise would. The air is responsible for much
of this loss, and accordingly it is now usual to have the apparatus
in a vacuum. By this means its sensitiveness is increased many
times.

242. Langley's Bolometer. This instrument is identical in

principle with the platinum resistance thermometer referred to

in Chapter I., i.e., it depends upon the principle of the Wheatstone

bridge (Art. 21). Stretched across a narrow slit in a little ebonite
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frame between copper blocks A and B (Fig. 213) are two identical

strips pp of blackened platinum (i x .05 x .0004 cms.). In front

of these are two metal screens CD such that either can be instan-

taneously removed, thus exposing one of the strips to radiations.

The dotted circle represents the case containing the apparatus,

placed in the field of view of

the spectroscope. The vari-

able arms completing the

Wheatstone bridge are the

two adjustable resistances

R and Rr The battery
and galvanometer are con-

nected as shown in the

figure, S representing the

scale over which the pointer

(or spot of light) moves.

The student should com-

pare the arrangement with

Fig. 27. When both screens

C and D are shut, the elec-

trical resistances of the

strips pp are equal. There-

fore for zero deflection in

the galvanometer, R and

Rj must be equal. These
are adjusted to about 50
ohms. One of the screens

C is now removed, and the

strip exposed to the radia-

tions to be examined. These falling on the strip heat the

platinum, and thereby alter its resistance. As a result the

equilibrium of the bridge is destroyed,and a current goes through
the galvanometer. By adjusting Rx we once more get equili-

brium, and the increase in the resistance of the platinum strip,

and therefore the increase in temperature, is at once found.

As with the linear thermopile, the sensitiveness of the instru-

ment is greatly increased by having the strips in a vacuum.

FIG. 213. Langley's Bolometer.
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THE MEASUREMENT OF WAVE-LENGTHS OF THERMAL

RADIATIONS

243. Rubens' Interference Method. Having described the

detecting instruments for the thermal radiations of different

wave-lengths, we are now ready to consider how these wave-

FIG. 214. Rubens' Interference Method for Wave-Length
Determination.

lengths are determined. One of the best of the methods for this

is that known as Rubens' Interference Method.
It will be remembered that in Art. 32 (Chapter II.) an interfer-

encemethod was described for the determination of the expansion
of crystals. The phenomenon of interference there referred to

concerns light waves, but as we have seen, light waves differ from
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heat waves only in wave-length, and therefore under the right

conditions interference of heat waves is also possible. The

arrangement used by Rubens is indicated diagrammatically in

Fig. 214. Rays from some heat source S are rendered parallel by
means of a lens Lv Intercepting these rays are two sylvite or

quartz plates Pj and P2 separated by an air-film whose thickness

can be varied. Some of the rays will be reflected from the back

face P!, e.g., RXCD (Fig. 2140), and others will traverse the air

gap and be reflected from the front face of P 2 , e.g., RABD, just

as the light rays do in Fizeau's experiment (Art. 32). Such a pair

of rays will
"
interfere

"
with each other if the difference in their

\

paths BC is
,
where n is an odd number, and A is the wave-

length.
The rays after reflection are passed through a lens L 2 and are

thus converged into the collimator K of the spectroscope. From
thence the rays pass on to the prism P, where refraction takes

place and the various waves become sorted out, the longer waves

on one side, and the shorter waves on the other side. These are

examined in turn by the bolometer or linear thermopile placed
in the telescope T. The rods MNQ are a device for maintaining
the prism in a constant position of

" minimum deviation
"

which students of optics will know to be essential to the success

of the experiment. The instrument as here described is arranged
for the purpose of being standardised. For this purpose the

radiating source S is a full radiator, i.e., a body which is known
to emit all kinds of wave-lengths e.g., an electric arc-light. The
thickness of the air-film between P

1
and P 2 is adjusted to a

convenient value, and the spectrum is
"
explored

"
by rotating

T round a graduated scale until a position is found at which no

deflection is registered by the bolometer. This means that radia-

tions of a certain wave-length corresponding to this position of

T have not reached the instrument. Therefore either such rays
are not emitted by S or they have been nullified by interference

between P
x and P2 . We know the former not to be the case, since

a source is used which is known to emit all wave-lengths, and
so we conclude that interference has been established. Knowing
the thickness of the air-film, a simple calculation gives us the

wave-length in question, and the position of T on the scale is

read. The thickness of the film is now slightly altered, and the
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experiment repeated. In this way a series of positions of T are

found to correspond to a series of values for A, and a graph
is plotted connecting these, by means of which all other wave-

lengths and the corresponding positions for T are deduced.

The instrument is now standardised and ready for use. The
film of air between Pj and P 2 is no longer required. Instead we
allow the body whose radiations it is desired to study to emit its

rays directly to the spectroscope. T is rotated from position to

position, and at each place the deflection in the galvanometer is

noted. The greater is this deflection, the greater is the energy
with which the radiations of a definite wave-length corresponding
to the position of T, as indicated by the graph, are being emitted

by the body. Where no deflection at all is obtained, we have a
clear indication that the corresponding wave-length is not being
emitted by the body at all, and we get a point corresponding to

the dark lines in the visible part of an ordinary spectrum. In

this way we are able to investigate thoroughly how much of the

total energy emitted by a body is contributed by each separate

wave-length.

244. Langley 's Concave Reflection-Grating Method. Langley,
in his pioneer investigations on the subject, used a different

method from that just described, the theory of which is outside

the scope of this work. It may, however, be briefly indicated

as follows. If we have rays of light or heat falling from a body
on to a good reflecting surface, a single ordinary image is pro-
duced. If, however, we rule on the reflecting surface a very large
number of parallel lines very closely together, e.g., 10,000 to the

inch, then it is found that in addition to the ordinary image there

is an additional set of images, called diffracted images. These lie

on each side of the ordinary image, and their positions can be
calculated according to a very simple law. The position depends
upon (i) the wave-length of the radiations, and (2) the distance

apart of the lines ruled. This latter being known, and the posi-
tions of the diffracted images being observed, it becomes very
easy to calculate the wave-lengths A.

The arrangement of ruled lines on the mirror (generally

speculum-metal) is known as a grating. Langley allowed the

radiations from his heat-source to fall on a concave grating, and
the wave-lengths were sorted out after reflection by being brought
each to a different focus. The foci for the different wave-lengths
were found to lie ona certain circle, and bysweepingthe bolometer
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along this circle, each wave-length in turn was able to be studied,
and the amount of its energy observed.

245. Energy Wave-Length Curves for Different Temperatures.

Limit ofj
Visible

Spectrum

2 3 4 5 6

A in microns flxlO'4 cms]

FIG. 215. Liimmer and Pringsheim's Energy Wave-Length Curves
for Perfect Radiators.

The results of the investigations just described are best

expressed by means of a graph in which the wave-lengths are

plotted horizontally, and the energy with which these wave'
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lengths are being emitted are plotted vertically. As we should

naturally expect, the energy is found to increase with the

temperature. Fig. 215 shows the typical curves for
"
perfect

radiators/' i.e., perfectly black bodies, obtained by Liimmer and

Pringsheim. We shall see presently how they obtained such

bodies. The temperatures referred to are absolute tempera-

tures, i.e., to reduce them to Centigrade readings we must
subtract 273. It will be noticed that by far the greater part
of the radiations are confined to the invisible part of the spec-

trum,, the visible portion being indicated by the short strip VR.
It will also be seen that for any given temperature there is one

particular wave-length for which the energy emitted is a maxi-

mum. This is indicated by the fact that the curve rapidly drops
on each side of the maximum value for A. Further, as the

temperature rises, the value of ^,for which the energŷ emitted is

a maximum, becomes constantly displaced to the left. This displace-
ment takes place in accordance with a definite law known as

Wien's Law, which states that for a full radiator the wave-

length of the radiation which is being emitted with maximum
energy is inversely proportional to the absolute temperature,

X I

i.e., Amax. <* ^
Wien established this on purely theoretical grounds, and

it has been amply verified since experimentally. Wien's Law,
however, deals only with the energy of one particular wave-

length. It is important to know what connection there is

between the total energy emitted by a radiating body, and its

temperature.
A close examination of the curves obtained led Stefan to

formulate what is now known as Stefan's Law, namely, that the

total energy emitted by a perfect radiator is proportional to the

fourth power of the absolute temperature,

*.<?., E=KT*,
whose K is some constant. This result, now accepted as true,
has since been theoretically established by Boltzmann. It is

this formula which we make use of in Wanner's pyrometer,
described in Art. 25, for the measurement of furnace temperature.
Newton's Law, E=K(T-Ti), is a first approximation to

Stefan's Law only when T-TX is small.

246. Practical Form of Perfect Radiators. No body is per-
T
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fectly black in that it emits radiations of all wave-lengths. All

the facts we have thus far considered, however,, refer to perfect

radiators, and it is now necessary to understand how such a

body may be realised in practice. It is a familiar experience
of everybody to notice how black a small hole looks in the side

of a large closed cavity of any kind, e.g., the hole in a barrel.

It may very easily be shown that such a hole, when the vessel

is at a uniform temperature, will act both as a full radiator and
a full absorber. For if we consider the contribution to the total

energy radiated through this hole by a small area of the interior,

Wave-Length
FIG. 216. Curves for Non-Black Bodies.

this radiation is made up partly of that which it naturally
radiates itself, and partly of the radiation it reflects back after

receiving it from the remainder of the interior of the vessel.

These two together add up to the total which would be emitted

by a perfect radiator. For if a denote the absorptive power
of the interior, then its emissive power will also equal a.

Also, if the fraction a of the radiation received by the interior

is absorbed, then (i a) will be reflected back.

Hence from the interior we have the fraction a of full radia-

tion emitted naturally, and (i a) emitted by reflection or

scattering, i.e., in all we have a+(i a)
= i. Hence the full

radiation due to a perfectly black body is emitted through
the hole. Similar reasoning will show that such a hole is also

a perfect absorber.
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Liimmer and Pringsheim used a thick copper oven with a small

hole in the side for their investigations., the heat being supplied

by a stream of steam. Another form used by them was a long

porcelain tube surrounding a nickel wire carrying a current

of electricity. A glowing porcelain diaphragm was placed in

the middle, and was observed from the end of the tube.

247. Energy Wave-Length Curves for Non-Black Bodies.

The energy wave-length curves shown in Fig. 215 are typical
of perfect radiators. If, however, we carry out the investigations
for a body which is not perfectly black, we find that certain parts
of the "perfectly black" curves are missing, or that certain

wave-lengths, if emitted at all, are radiated with very small

amounts of energy indeed (Fig. 216). This is the graphical
record of the selective radiation to which we referred earlier in

the chapter as being typical of non-black bodies. If we denote

by x the energy emitted by such a body for the wave-length A,

and by y the corresponding amount of energy emitted by a
oc

perfectly black body, then it will be evident that the ratio

gives us the emissive power for the particular wave-length in

question.
An interesting confirmation of Ritchie's experiment is now

possible for separate wave-lengths. For if we coat the platinum-

strips of Langley's bolometer with the substance used for Fig. 216

instead of with lampblack, and then repeat theusual observations,
we get instead of a record of the energy emitted by the body,
the energy absorbed by it, and we are thus able to draw up an

energy wave-length curve for absorption just as in Fig. 216 we
have a radiation curve. If we refer in this absorption graph to

the ordinate corresponding to the wave-length A as before, we

get a value x
1}

and for the black body a value y1 such that -3

ft

gives us the absorptive power for the particular wave-length in

question, and it is always found, whatever the shape of the two

curves may be, that - =
i.e., the energy radiated for any

wave-length is equal to the energy absorbed.

248. Practical Applications. Illumination. Referring again to

Fig. 215, it will be seen that the higher the temperature to which
a body is raised, the more of its energy do we find in the visible
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part of the spectrum. As the temperature rises, we find at

first the heat is emitted without light. Red heat is reached at

about 500 C., whilst at about 1250 C. white heat is reached,

i.e., all wave-lengths from the visible part of the spectrum are

added to those to the right of it.

In the comparatively
"
ancient

"
days of naked flat gas-

burners, lighting was very inefficient owing to the fact that the

temperature of the flame was too low to allow of much of the

radiations coming from the visible portion of the spectrum,
only about i per cent, of the energy being visible light. The
effect of the incandescent gas-mantle is to greatly increase the

temperature by making the combustion more complete, and
hence more light-energy is included in the total emitted. For
the same reason the old carbon filaments of electric lamps have

given place to the metallic filaments of the rare metals whose

melting-points are extremely high.
Of all flames known to us, that of the electric arc is probably

the brightest, because it is the hottest, its temperature having
been estimated at over 3000 C.

249. Solar and Stellar Temperatures. Another interesting

application to which the curves of Fig. 215 have been put is in

the estimation of the temperatures of the sun and of some of

the stars. Wien's law tells us that EX* ,=,,
where A is the wave-

length emitted with maximum energy. It is obvious that to

every temperature there is attached, for a perfect radiator, a

definite wave-length of maximum energy. Using this fact, the

thermal spectra of some of the stars have been mapped out, and

by determining the positions of the maximum ordinates, the

temperatures have been estimated on the assumption of the

stars being perfect radiators. A value of 6000 C. has thus been

found for the sun, and of over 23,000 C. for Algol.
The temperature of the sun may also be deduced from Stefan's

fourth-power law. Poynting has shown that the heat radiated

out by the earth is exactly equal to the heat radiated to the earth

by the sun. Now the fraction of the
"
space-angle

" which the

sun's disc subtends to the earth is approximately T 8 o o o f tne

whole
"

celestial sphere." Hence 188,000 suns would completely
fill the sky, and in that case the earth would be at the tempera-
ture of the sun itself, just as a body in a hot enclosure is at the

temperature of the enclosure. By the theory of exchanges, the
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heavens would be radiating heat to the earth
,
and the earth would

be radiating heat to the heavens, 188,000 times as much as it is

now doing, and by Stefan's law its temperature would be
t/i88000

= 20.8 times its present temperature. Hence this, too, will be

the temperature of the sun. It is necessary, however, to make a

correction for the fact that the absorptive power of the earth's

surface is about .9. This increases the factor 20.8 to

v/i88ooox =
21.5.

9

Hence, taking the average temperature of the earth's surface

to be 17 C. or 17+273 = 290 A-, the temperature of the sun

works out to about 6200 A., thus agreeing with the estimate

based on Wien's law.

It will be evident that, assuming this temperature for the sun,

and working backwards, we are able to estimate the temperature
of those planets whose general conditions most nearly approxi-
mate to those of the earth. For Venus we get a temperature of

342 A., or 69 C., whilst for Mars we get 235 A., or -38 C. The

temperature of Mercury works out to 467 A., or 194 C.

EXAMPLES ON CHAPTER XIV

1. Explain the term radiant energy. Give an account of the

diathermancy of glass for radiation from different sources. [C. Sp.]
2. Why is white clothing worn during summer ?

3. How does the intensity of radiation at a point due to a small
source depend upon the distance from the source? How may an

experimental test of the law of variation be made ? [C. Sp.]
4. How do you account for the fact that on a frosty night it is

often colder at the bottom of a valley than on the neighbouring
hillsides? [L. Inter. Sci.]

5. How would you show that a large amount of the energy
radiated by a gas-flame consists of non-luminous heat rays, and
how would you measure the percentage stopped by a sheet of glass ?

[L. Inter. Sci.]
6. How can it be shown experimentally that the heat radiation

from a hot body obeys the same laws of reflection and refraction
as light? [L. Inter. Sci.]

7. Upon what does the rate at which a body radiates heat depend ?
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Prove from general principles that the radiating power of a body is

equal to its absorbing power, and describe an experiment which
illustrates this relation. [L. Inter. Sci.]

8. Describe how experiments may be made to measure the

property of solids of reflecting, absorbing, and transmitting radiant
heat. [L. Inter. Sci.]

9. Explain Prevost's theory of exchanges, and point out its

application to the relation between emissivity and absorbing power
of a substance.
Can you suggest any reason wrhy a piece of Welsbach mantle

will shine more brightly when put into the flame of a Bunsen burner
than a piece of platinum wire similarly treated? [C. Tripos I.]

10. Give theoretical and experimental evidence for the state-

ment that the radiating and absorbing powers of a body are pro-
portional to one another.
How can a black body be experimentally realised, and its radia-

tion used to measure its temperature ? [L. B.Sc. Pass.]
n. Describe the construction of Boys' radio-micrometer, and

explain the principles involved in its action. [L. B.Sc. Pass.]
12. If a number of bodies are all enclosed in a box, the walls of

which are kept at a constant temperature, they all take up the

temperature of the box. Describe the various processes which
contribute to this result, and deduce from it that the radiating
power of a surface is proportional to its absorbing power. Describe
an experiment to illustrate this conclusion. [L. Inter. Sci.]

13. Describe some type of instrument suitable for determining
small quantities of radiation. [L. B.Sc. Rons.]

14. What is a
"
bolometer," and how is it used in determining

the radiation spectrum of a body raised to a high temperature?
Indicate, by means of a diagram, what you would expect if the

body were "
black

" and the temperature about 1000 C. [L. B.Sc.

Pass.]

15. Describe an experiment to show that the sums of the emitting
and reflecting powers of different surfaces for heat radiation are

equal. Distinguish between the absorbing power of a surface and
the absorbing power of the interior of a solid. [L. Inter. Sci.]

1 6. Give some account of the instrumental methods used by
Langley in his investigations of the infra-red radiations of the sun.

[L. B.Sc. Hons.]
17. How has the distribution of the energy in the spectrum of

the radiationemitted by hotbodies been investigatedexperimentally?
How does it vary with the temperature of the body ? Why is more
visible radiation emitted by a wire of a white substance placed
in a bunsen flame than by a similar wire of a black substance?

[L. B.Sc. Pass.]
1 8. Give a short account of the distribution of energy in the

spectrum of an incandescent solid. Explain how a method for

measuring temperature can be founded on the radiation of a hot

body, and describe an instrument for the practice of the method.

[L. B.Sc. Pass.]
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19. Describe a practical method of optical pyrometry, explaining
the theory upon which it is based. [L. B.Sc. Hons.]

20. Give an account of the methods employed to determine
the distribution of energy in the spectrum of a

"
black body."

[L. B.Sc. Hons.]
21. Describe the construction and calibration of an apparatus

by which the laws of radiation are applied to the practical measure-
ment of temperature. [L. B.Sc. Hons.]

22. Give an account of the experiments which have been made
to determine the temperature of the sun. [C. Tripos I.]
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CHAPTER XV

THE CONSERVATION OF ENERGY THE MECHANICAL EQUIVALENT
OF HEAT

ALTHOUGH we have several times during the course of this book
referred to heat as a form of energy, it is advisable at this stage
to collect our ideas on this subject, and to discuss it and its

consequences fairly fully.

250. The First Law of Motion-Force. The natural condition

of a body with respect to its surroundings is one of rest or

of uniform motion in a straight line
; that is, suppose it were

possible for a body to be isolated in space from all external

influences, then either it would be at rest, or it would be moving
in a straight line with uniform velocity. We have no direct proof
of this, for it is impossible so to isolate a body, but as a matter
of common sense we know that if such a body is at rest, it will

remain so because there is no reason whatever why it should start

moving in any way, whilst on the other hand if the body is

moving, there is no reason whatever why the manner of its

motion should alter in any way, and so it would continue in a

straight line with uniform velocity. It is contrary to our instinct

and our experience to expect a
body at rest suddenly and of its

own accord to start moving, or if it is moving, to suddenly alter

its speed or its direction. This inability of a body so to control

its own state of rest or motion is spoken of as the principle of
inertia.

When, then, a body does change its state of rest or of uniform
motion in a straight line, it can only be due to the action of some
external influence. We speak of such an external influence as

FORCE, which is therefore defined as that which, acting on a body,

changes or tends to change its state of rest or of uniform motion in a

straight line. Since this definition only tells us what force does,
and not what it is

}
it can hardly be considered as satisfactory ;

nevertheless the day has not yet arrived when we can say what
force is. Both the principle of inertia and the definition of force
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are merely alternative forms of a statement known as Newton's

First Law of Motion }
which says that all bodies continue in a state

of rest or of uniform motion in a straight line, except in so far as

they are preventedfrom so doing by the action of externalforces.

251. Work and Energy. We see therefore that the influence

of force is to create motion/ and a body which is endowed with

motion may be said to possess
"
energy." Such energy is ex-

tremely useful, and it is by creating it in bodies by the applica-
tion of forces of various kinds that the conveniences and comforts

of civilisation are made possible. Thus by bringing suitable forces

into play, a heavy train is able to move with a high speed and

carry food and people from one place to another
;
or we are able

to take advantage of the force of wind to turn the sails of a

windmill and so grind corn.

When a force, acting on a body, causes it to move, we say that

work is done by the force on the body, and we measure work by
the product of the force and the distance through which it acts;

i.e.,W=Fs.
The usual unit of work is the foot-poundal

2 in the F.P.S.

system, and the centimetre-dyne or erg in the C.G.S. system.

Suppose a force acts upon a body and creates motion in it,

and that the force is then withdrawn. The body is now endowed
with a certain amount of energy, supplied by the force, and
the measure of this energy is the amount of work the body is

capable of doing. Since the force is withdrawn, and the amount
of energy imparted to the body is limited, as the body moves
it will gradually be expending this energy, i.e., the amount
of motion left in it is constantly diminishing, and eventually
it will all have been expended, and the body will come to rest.

It has
"
given up

"
all the energy which was imparted to it by

the force.

It may be shown that if a body is at any instant moving with
a velocity v

}
the amount of mechanical energy, or energy of

motion (to distinguish it from other forms of energy to which
reference will presently be made), it possesses and is giving up as

it is moving is equal to %mv
2
,
where m is the mass of the body.

1 We measure motion by the product
" mass x velocity," and we speak

of the product as
" momentum." Two bodies with the same velocity but

with different masses can hardly be said to possess the same amount of

motion, e.g., a tramcar has a much greater momentum than a bicycle
moving with the same speed.

2 From the
"
poundal," the unit of force, equal to ^ of a pound weight.
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If such a body be opposed by a force F, its motion will gradu-

ally be reduced; and eventually it will be brought to rest. It will

have lost all its mechanical energy ;
but in causing this the force

F must have been doing an amount of work equal to the energy
extracted from the body. If the distance through which the force

moved before bringing the body to rest be s, then we have

Fs = %mv
2

.

Thus suppose a bullet whose mass is 5 ozs. be obstructed by
a pane of glass i in. thick at a moment when it is travelling with

a velocity of 1000 ft. per sec., and suppose the bullet emerges
with a speed of 700 ft. per second in consequence of the resistance

offered by the glass. Then to find the amount of this resistance

F, we have, assuming there are no other factors involved,
Work done by resistance = loss in energy of the bullet.

.-. Fx ?.>=\m . looo2
|-w . yoo

2

=4. ,-V(iooo
2
-7oo-)

. . K =
./'.,

x 300 x 1 700 x 1 2

=956,250 poundals.

252. The Two Forms of Mechanical Energy. While the fact

that a body is in motion is definite evidence that it possesses
mechanical energy, it is possible for the body to possess such

energy when it is at rest. Thus suppose it be lifted from the floor

of a room, and placed at rest on the edge of a shelf near the

ceiling. A very slight displacement will be sufficient to send it

falling to the floor again, proving that in its position on the shelf

it is possessed of a store of energy, since in falling it does work,

i.e., it gives up the store of energy. The amount of energy so

stored is equal to the amount of work it does in falling back to

the floor.

Work = force x distance
= weight x height of fall

= mgh units.

Hence the energy stored up in a body at rest at an elevation

of h above the ground is equal to mgh units. There are therefore

two forms of mechanical energy: (i) the energy which a moving

body possesses by virtue of its speed, and (2) the energy which

a body possesses by virtue of its position at an elevation above

the earth's level.

The former is known as kinetic energy, the latter as potential

energy.
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It should be noticed that a body need not be at rest in order

to possess potential energy. For if it be moving with a velocity
v at an elevation h, then apart from its kinetic energy equal to

\mv*, it possesses an additional store of potential energy equal
to mgh, so that its total mechanical energy= %mv- -\-mgh.

253. Relation between Kinetic and Potential Energy of a

Falling Body. The case to which we have just referred of a body
falling from a shelf will repay further consideration. If its height
above the floor is h, then its store of potential energy is mgh
units. When, as the result of a slight displacement, it commences
to fall, it does so under the influence of theforce of gravity. The
direction is downwards because the direction of the earth's

gravitational force is downwards, i.e., towards the centre of the

earth. Now the effect of a force upon a body is to increase its

motion, or in other words, to produce an acceleration in the body.

Indeed, we measure the force by the acceleration it produces, the

analytical definition of force being F=ma, where m is the mass
of the body, and a the acceleration produced. As the body falls

from the shelf, therefore, its velocity increases (at the rate of 32 ft.

per second per second) so that it acquires more and more kinetic

energy the nearer it approaches to the ground. But on the other

hand, as the distance from the floor diminishes, the potential

energy must also diminish
;

as the body gains in kinetic energy
it loses in potential energy. It is easily shown by elementary
mechanics that for such a falling body

kinetic energy -{-potential energy constant.

The same applies to a body thrown up into the air. The force of

gravity opposes the motion, and reduces the velocity until the

body reaches its highest point. Hence as it rises, its kinetic

energy diminishes, but its potential energy increases, the loss in

the one being compensated for by a gain in the other.

254. Sources of Energy. Heat. This relationship between
kinetic and potential energy is an interesting example of one of

the most important facts of nature. We have seen that no body
can of itself endow itself with energy. If a body is moving, the

kinetic energy it possesses must have been supplied by some
external agency, and similarly if it possesses a store of potential

energy. The body which is lifted from the floor to the shelf

receives its energy from the lifting force the hand, for example,
and the hand receives its energy from the muscles. Or if the body
is lifted by some mechanism, then the energy is supplied by the
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mechanism. But that which applies to the body applies to the

mechanism,, which also cannot endow itself with energy. No
machine works itself, although it might appear to do so. Energy
must therefore also be supplied to the machine, as by turning a

handle.

Think of the vast amount of machinery used all around us,

and of the vast stores of energy thus set free. Where does it all

come from? It is beyond our instinct and common sense to

imagine that it creates itself. Take an ordinary engineering

workshop as a typical example. The various machines lathes,

milling machines, planing machines, etc. are worked by means
of a driving belt which is driven round by shafting suspended
from the workshop ceiling. This shafting is driven round by
means of a rotating fly-wheel to which it is geared. The fly-

wheel goes round because it is attached to a rotating crank-shaft,
and the crank is made to rotate by means of a connecting-rod
and cross-head moving backwards and forwards. This in its

turn is moved by a piston fitting into a cylinder, whilst the piston
is pushed backwards and forwards by the power of expanding
steam. We have therefore traced the energy possessed by the

machinery to the steam in the cylinder of an engine. And
whence does the steam derive its energy? Obviously from

the source which created it, i.e., the heat in the fire-box under

the boiler. Let it not be forgotten that steam is not the only
motive power used in engines. The piston is often made to move
to and fro by the combustion of gases and oils

;
but again heat

is the source of the energy. Just as it is impossible for energy to

create itself, so it is impossible for energy to disappear into
"
nothingness

"
;

this also is contrary to common sense. The

energy which is given up by the hand in lifting the body is trans-

ferred to the body as potential energy, and when it falls, the

potential energy given up is transferred into kinetic energy of

motion. Every one knows how rubbing produces heat. When it is

very cold we rub our hands together; we transfer the kinetic

energy of the motion of the hands into heat, and so we feel warm.

Friction, the most universal of phenomena, is a continual example
of this

;
we mean by friction that rubbing of one group of par-

ticles against another group which occurs whenever a tendency
to motion takes place ;

and it is in fact merely the conversion of

mechanical energy into heat energy. When a body is dropped
the sudden stoppage which takes place on reaching the ground
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is simply the sudden conversion of the kinetic energy into heat ;

the body is heated. The student has only to rub his hand firmly

up and down his sleeve a few times to feel this for himself,, and to

a very uncomfortable extent if he performs the experiment too

zealously. Any engineering student who has worked a lathe

knows how the shavings feel immediately after they are produced
and how hot the cutting tool becomes. We all know how hot

machinery becomes with much work,, and how necessary it is to

prevent this from being carried to excess by the use of suitable

cooling jackets.

255. Nature of Heat Energy. It appears to be indisputable,

therefore, that mechanical energy is not the only form of energy.
Heat is a form of energy. What, however, is the nature of this

heat energy ? The explanation is furnished by the kinetic theory
of matter. It was pointed out in Chapter IV. that the molecules

which constitute matter, and the electrons which constitute the

molecules, are not at rest, but are in constant and rapid motion,
and that this motion is constantly being interfered with and
altered by collisions. Obviously, therefore, even though the

body as a whole appears to be at rest, there is a great store

within it of mechanical energy, and we speak of this as internal

energy to differentiate it from the external energy of the body
as a whole. This internal energy is not only the kinetic energy
due to their motions; it is partly the potential energy due
to their positions relative to each other, for it will be remem-
bered that the molecules exert attractions upon each other, and
in separating molecules work must be done against these attrac-

tions, and hence such separation represents a store of potential

energy. In solids and liquids, where the molecules are naturally
close together, the potential energy forms a considerable propor-
tion of the total internal energy, but in gases the molecules are so

far apart relatively that the internal energy is nearly all kinetic,
the potential energy being very small. We also learnt from the

kinetic theory that when the temperature of a body is increased,
the molecules vibrate more rapidly and their mean free path is

increased. In other words, the internal mechanical energy of the

body is increased. This, then, is the particular form which the

transformation of external energy of a body into heat takes
;

the external energy of motion is converted into the internal energy

of molecular vibration.

256. Other Forms of Energy. Mechanical energy and heat
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are not the only forms of energy in the universe. That portion of

the molecular and electronic vibrations which we interpret as

heat is governed entirely, as was pointed out in the last chapter,

by a range of vibration-frequencies within definite limits. We
interpret frequencies beyond this limit as light, and as this is the

only respect in which light differs from heat, it is obvious that

light is also aform of energy. But even the light-vibrations do not

exhaust all the vibration frequencies. Beyond the
"
light

"
range

are vibrations invisible to the eye ;
these are the ultra-violet or

"
actinic

"
rays, so called because of certain chemical actions to

which they give rise under certain circumstances. All these

vibrations create ether waves of corresponding frequencies, and
we therefore have radiant energy, the form into which heat, light,

and actinic energy become converted during transmission from

one body to another body, as explained in Chapter XIV.
Other forms of energy are sound, strain, chemical energy,

magnetic energy, and electrical energy. It is unnecessary to give

separate accounts of these, as with perhaps the exception of the

last they concern us relatively little in this book.

257. The Conservation of Energy. We have already empha-
sised the fact that it is contrary to experience and to common
sense to suppose that energy can in any way either appear of

itself from
"
nothingness

"
or disappear into

"
nothingness."

Whenever energy appears in any one form, such appearance will

always be explained by a corresponding disappearance from

another body or another form ; similarly if energy disappears in

any form, a corresponding appearance will be found to occur

simultaneously in another form. This is a consequence of the

Principle of the Conservation of Energy, which states that the sum
total of the energy of the universe is a constant. Many of the

conveniences of civilisation are the practical outcome of this

most important law. Thus, to take a common example, in

every large city we have a system whereby, beginning with

heat energy in the form of fuel, a transformation is effected by
means of a steam or gas or oil engine into mechanical energy ;

by this means a dynamo is driven, converting the mechanical

energy into electrical energy. This energy is transmitted by
wires to such places as is required in order to carry out further

transformations. Part of it is carried to
"

electric motors
"

underneath tramcars, and is thus reconverted into mechanical

energy. Part is carried to the various houses for purposes of
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illumination, and is changed into light energy ;
and throughout

the entire series of changes part is constantly dissipated in the

form of heat in the wires and inthe mechanisms employed. Where
there are waterfalls it is unnecessary to start with heat energy.
The far less costly potential energy of the water at the top of

the fall is converted into kinetic energy of rotation of the wheels

of turbines. For this reason we find large numbers of factories

in the vicinity of waterfalls. Such factories need not be directly

adjacent to the falls,, owing to the ease with which electrical

energy can be transmitted for many miles along wires.

258. The Degradation of Energy. Of all forms of energy, heat

is in itself the least useful. It is true that vast stores of fuel are

required every day for the purpose of conversion into other forms

of energy utilised in the many phases of daily activity, but a

moment's consideration will show how much of this heat energy
is unavoidably wasted. Whatever operations are carried on,
heat is constantly being produced. If we carry a current along
a wire, some of the electrical energy disappears in the form of

heat, and in certain circumstances it is possible for the wires to

become hot to a dangerous degree. In every mechanism of any
kind, the working is always accompanied by the production
of heat, and an equivalent amount of energy which would other-

wise have been available for carrying on the work for which
the mechanism is intended is lost. Every form of energy known
"
pays its toll

"
in this way ;

it is unavoidable, in spite of the

most skilful efforts of our engineers.
And the converse change, too, brings us the same result.

However much we try to convert heat energy into the more
useful forms, complete success is impossible. Think of the

tremendous amount of heat energy which is carried off up the

flues of our boilers and out into the air, completely lost to utility.

Only a small fraction of the fuel consumed is usefully employed.
All the rest is dissipated into space. Of the vast stores of solar

heat energy radiated out into space, only about 5 x io~10 of

it is received by the earth. What happens to the remainder ?

So we get the Principle of the Degradation of Energy, which
tells us that though the total quantity of energy in the universe

is a constant, yet it persistently becomes less and less available

for useful work. We shall deal further with this in Chapter XVII.

259. The Mechanical Equivalent of Heat (J). The Principle
of the Conservation of Energy is necessarily quantitative in
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character. If it is true, then whenever a definite quantity of

mechanical energy is expended in the production of heat, an

equally definite quantity of heat must appear in consequence.
Careful experiments fully bear this out. Of course the units of

both work and heat were arbitrarily adopted long before their

connection was realised, and so we can scarcely expect the

equivalent quantities of the two forms of energy to be numeri-

cally equal. As a matter of fact it is found that in order to pro-
duce one calorie of heat, an amount of work equal to 4.186 x io7

ergs must be performed. We speak of this as the Mechanical

Equivalent of Heat, and it is usually denoted by the letter J,

after Joule of Manchester, who was the first to obtain a really
reliable value.

It should be noticed that just as we are able to have a mechani-
cal equivalent of heat, so there must be a

"
mechanical equivalent

of electricity" and also an "
electrical equivalent of heat." The

former of these is defined as the amount of work which must be

performed to drive unit current (i ampere) against a potential
difference of i volt per second, and it is equal to io7

ergs, or

i Joule, as this quantity is called. It follows that the electrical

equivalent of heat is 4.2 watts per calorie, (i watt = i ampere-
volt.)

EXPERIMENTAL DETERMINATION OF J

260. Joule's Experiment. Although quantitative experiments

upon the relation between heat and work were performed by
Rumford in 1798, and by Davy in 1799, it was not until 1840
that accurate experiments were devised for the determination

of the mechanical equivalent of heat. One of the earliest and
best of these was performed by Joule of Manchester. His

apparatus is shown diagrammatically in Fig. 217. The principle
is that common to a large number of laboratory methods for

finding J, namely, the creation of heat by churning up water
in a calorimeter. Joule used a suitably protected calorimeter

containing a known quantity of water. Immersed in this

water was a system of eight brass paddles, arranged radially
on a common vertical axis, and working between four fixed brass

vanes as shown in the cross-sectional view in the figure. The

necessity for the vanes arises from the fact that the rotation

of the paddles would set up a permanent rotation of the water,
thus endowing it with kinetic energy instead of heat. The
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presence of the vanes prevents this rotation, and thus all the

energy of rotation of the paddles is entirely available for trans-

ference to the water in the form of heat. The motion of the

paddles was effected by means of a spindle A to which they were
attached by means of a detachable coupling c. The spindle A
was rotated by the falling of two equal weights m connected to

A by means of thread wound over pulleys P, the distance through
which the weights fell being indicated by the vertical scales S.

In carrying out the experiment, the height of fall was noted,

W////////////M
FIG. 217. Joule's Apparatus for the determination of J.

and the coupling c was detached from the paddles. The

weights were then hauled up again by means of the handle of A
;

the paddles were again attached, and the weights once more
allowed to fall. Twenty falls in all were allowed, and the rise

in temperature of the water in the calorimeter was carefully

noted. All the mountings and parts were carefully designed to

give a minimum of friction, but such residual friction as did

exist was carefully ascertained and allowed for. Subsidiary

experiments were also carried out with a view to determining
the corrections necessary for radiation and conduction losses.

An additional correction was also made for the kinetic energy of

the weights on being suddenly stopped at the end of each fall.

u
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Allowing for these,
let m

1
= mass of water in calorimeter,

]_

=
specific heat of water in calorimeter,

W= water equivalent of calorimeter and contents,

*i_
= initial temperature of calorimeter and contents,

/
2
= final temperature of calorimeter and contents,

m= mass of each falling weight,
&= height of fall,

n number of falls during experiment ;

.'. work done during one fall of weights
= force x distance
= 2mgh

.'. work done during n falls of weights= 2mngh ergs.

Also, the heat created by this amount of work

=(0Vi+WX/2 -*i) calories.

Hence (m^+WX/g /j) calories of heat are equivalent to

2mngh ergs of work.

.'.i calorie of heat is equivalent to

2mngh
81

Which determines the value for J.

Joule's experiment was repeated in 1877-78 under improved
conditions by Rowland, who substituted a steam-engine for

the falling weights. The calorimeter was suspended from a wire,
and the natural tendency for the wire to twist in consequence of

the rotation of the paddles was counteracted by an opposing

couple applied tangentially at the top of the calorimeter by two

equal weights. The paddle-axis projected downwards through
the base instead of upwards as in Joule's experiment.

261. Friction-Cones Method. The usual laboratory experi-
ment for the determination of J is illustrated in Fig. 218. Rigidly
fixed in a brass cylinder A by means of an ebonite base e and ring
d is a brass cone B. Fitting smoothly into B is a similar brass cone

C containing a known weight of water. A wooden disc G is

mounted on C. The outer cone B is made to rotate rapidly by
means of a pulley H connected with a small motor, but the inner

cone C is kept still by means of a weight W connected to the disc

G by means of a string passing over a pulley P. The speed of II

is initially varied until it attains a value such that W neither

moves up nor down. The number of revolutions made by H is
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indicated by a counter attached to the mechanism. As before,

the rise in temperature of the water in the inner cone is noted.

If d be the diameter of the disc G
;
then the tendency for the

FIG. 218. Laboratory Method for J.

inner cone to rotate is counterbalanced by an opposing couple
whose forces are Wg and whose arm is a.

Also, from elementary mechanics,
Work clone by a couple =moment of couple x angle of rotation.
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.'. work done by a couple in i revolution = moment of couple
X27T

=Wga X27T.

.'. work done by a couple in n revolutions = WgaX2irn ergs,
where n=number of revolutions indicated by the counter.

Let w=mass of water in cone C,
=its specific heat,
#=water equivalent of the two cones,

/!= initial temperature of the water,
t2
= final temperature of the water.

.'. heat created =(mc-}-x)(t2 t1) calories.

.*. (mc+x)(tz /j) calories =Wga x 2 irn ergs.

262. Callendar's Apparatus for J. Fig. 219 shows a piece of

apparatus used by ProfessorCallendar recently for the determina-
tion of J. The calorimeter, a thin brass cylinder, is mounted

horizontally and contains a known quantity of water. It is

rotated at moderate speed either by hand or by a motor M.

Suspended from the ends of a silk belt slung over the cylinder to

make one and a half complete turns are two unequal weights
E and F. The difference between these is not in itself sufficient to

counteract the frictional forces on the belt tending to make it

rotate with the calorimeter
;
the additional force required for this

equilibrium is, however, supplied by a spring balance D acting in

opposition to the lighter weight as shown. The extreme flexi-

bility of the silk belt is such that the difference between the

loads at the two ends is an accurate measure of the friction.

The weights are adjusted by trial to measure this friction

approximately and the spring balance automatically renders

this adjustment complete.
As with the previous experiment,

The work done in ergs
= net pull in dynes x circumference

x number of turns,
and heat created in calories = water equivalent of cylinder and

contents x rise in temperature,
from which J is at once found.

Corrections are made for heat losses as usual.

This is a very accurate form of apparatus, and gives very good
results.
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263. Electrical Method for J. An electrical method based upon
a knowledge of the relationship between mechanical and electri-

cal energy was first employed by Griffiths in 1883. He immersed
a coil in a calorimeter 8 cms. diameter and 8 cms. deep containing

water, and closed by an air-tight lid. The calorimeter was

suspended in a double jacket of vacuum and mercury,, the whole

being further immersed in a water-jacket. The resistance R of

FIG. 219.

the coil and the difference of potential E between its ends were
ET

noted, from which it was known that the energy supplied was
ÎV

ergs per second. If the current was passed in t seconds, then

E-2^ /water equivalent of calorimeter and con-\ . .

-R
* erSs= ( tents x rise in temperature )

calones
>

from which J could at once be calculated.

264. The First Law of Thermodynamics. The study of the

relationship between heat and work, to which the remainder of

this book will be devoted, is known as thermodynamics, and the

statement that there exists an exact equivalence between work
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done and heat created is known as the First Law of Thermo-

dynamics. It may be stated analytically thus:

If a quantity of heat of H units be created by the expenditure of

W units of work, then we always have

W=JH,
where J is a constant known as the mechanical equivalent of

heat.

As a reliable value we may take J =4.186 x io7
ergs per calorie,

a calorie being defined as the heat necessary to raise the tempera-
ture of i gr. of water from 15 C. to 16 C. on the hydrogen scale.

QUESTIONS ON CHAPTER XV

1 . What do you understand by the statement that heat is a form
of energy? Describe experiments to illustrate the grounds for this

statement. [Army.]
2. Trace as far back as you can through its various transforma-

tions the energy obtained from the water in a water-wheel.

[I.. Inter. Sci.]

3. Discuss the statement that
"
chemical reactions are natural

sources of energy." [C. Sp.]

4. A Ib. of coal in burning can raise 8000 Ibs. of water one degree.
Used in an engine the coal supplies 1,400,000 ft. Ibs. of work per Ib.

burnt. What fraction of the heat is transformed to work ? (Mech.
equiv. = 1400 ft. Ibs. deg. Cent.) [L. Inter. Sci.]

5. When, how, and where is heat developed as the equivalent of

work done when a man (a) jumps down on soft ground, (b) slides

slowly down a rope, (c) walks downstairs. [L. Matric.]
6. An iron ball of mass i kilogramme is dropped from a height

of 50 metres on to a sheet of ice in which it becomes embedded.
If the ice is at o C., and the ball is also at this temperature just

previous to impact, explain why some ice will melt, and calculate
the amount.

(#=981 cms. per sec. per sec., latent heat of fusion of ice =80
calories, and mechanical equivalent of heat =4.2 Joules per calorie.)

[L. Matric.]

7. What experiments have led to the enunciation of the principle
of the conservation of energy ? [C. Sp.]

8. A copper calorimeter weighing 100 grs. contains 990 grs. of

water at 15 C. The water is stirred by a paddle which makes
1000 revolutions. The driving couple is io 8

dyne cms. The
temperature of the water rises to 30 C. Calculate the mechanical

equivalent of heat. [L. Inter. Sci.j
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9. How would you find experimentally a value for J ? Explain
how you would obtain the result from your observations. [C. Sp.]

10. What do you understand by the mechanical equivalent of

heat? A shell has an average specific heat of .1. It hits a target
with a velocity of 2000 ft. per second, and is brought to rest by it.

If the heat is all in the shell, find the temperature rise that ensues.

(J = 1 39o ft. Ibs. per Ib. C.) [C. B.A. II.]
11. Describe and discuss the continuous flow method of deter-

mining J. (Note. See Chapter X., Art. 175.) [C. Tripos II.]

12. Define the mechanical equivalent of heat, and explain how it

has been determined. 100 grs. of water contained in a copper
calorimeter weighing 20 grs. are stirred with a rotating stirrer.

After the stirrer has made 1000 revolutions it is found that the

temperature of the water has risen 5 C. Calculate the couple
required to drive the stirrer, given mechanical equivalent of heat

=4.2 xio 7

ergs per gram degree, specific heat of copper o.i.

[L. Inter. Sci.]

13. Describe carefully one accurate method of measuring the
mechanical equivalent of heat, and criticise the experimental details.

fL. B.Sc. Hons.]
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CHAPTER XVI

THERMODYNAMICS THE RELATION BETWEEN THE SPECIFIC HEATS
OF A GAS AT CONSTANT PRESSURE AND AT CONSTANT VOLUME

265. Graphical Representation of the Thermal Conditions of a

Body. In this chapter we propose to develop some of the conse-

quences of the First Law of Thermodynamics. In order to do

this it will be found a great convenience to represent graphically
the thermal condition of a body.

Suppose we have a quantity of gas contained in a cylinder

fa) (
, (Fig. 2200) whose cross-

sectional area is i sq. cm.,
the volume VQ being deter-

mined by the position of

the piston imprisoning the

gas.
Let p be the pressure

of the gas, opposed by
the external pressure on
the piston as indicated by
the arrow (normally due
to the atmosphere).
Suppose by some means

we are able to cause the

gas to expand at constant pressure, forcing the piston up.
What will be the amount of work done during this expansion ?

Work done = force x distance through which the force acts.

Now force = pressure x area=p x i =p.
And since VQ

= area x length of cylinder to piston, we have

length of cylinder from base to piston =

Similarly, if the new volume of the gas after expansion vlf

the height from base to piston becomes vv
.'. the distance through which the force acts during expansion

'/27/Z7-
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.*. work done during expansion=Xz'i~ z;
o)-

The same applies to a cylinder whose area of cross-section,

instead of being unity., is a sq. cms. (Fig. 22ob).

^ . . .. volume vn , r
For now the height = = u before expansion,

area of base a

and the height=
volume

sion ,

area of base a

Also force acting= pressure x area

=pa.

Hence work done during expansion =pa\ j

=p(vl v
)
as before.

This result forms the basis of a convenient method of graphical
representation. Plotting pres-
sures vertically and volumes

horizontally, let A (Fig. 221)

represent the initial state of

the gas just considered, the

pressure being p and the ^ A B
volume v

,
and let B denote

the condition afterexpansion.
Since the pressure during ex-

pansion is constant, the line

AB will be horizontal, as in

the figure, the distance AB
Volume

FIG. 221. Graphical Representa-
tion of work done by Gas Ex-

panding at Constant Pressure.

being (v1 v
)

on the scale

chosen.

Hence the work done,

P(V! VQ), will be represented

graphically by the area ABz^Q.
266. Work done during Expansion when Pressure is not

Constant. The case of expansion at constant pressure is the

simplest with which we can deal. Often, however, the expansion
of a gas will occur at varying pressure, and it is therefore desir-

able to extend our method of graphical representation to such a

case. This is best considered by dealing with the change as

consisting of a series of exceedingly small expansions.
Let A (Fig. 222) denote the initial condition of the gas,

and B the final condition, and let the line AB represent the
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various pressure-volume changes undergone by the gas during
the interval between the two limiting conditions.

We may divide up the space ABz^Q into a very large number
of exceedingly thin strips, each of thickness 8v, so that the first

of these represents an increase in volume from VQ to VQ+ &V.

Also the period considered is so small that we may practically
consider the pressure p to remain unchanged during the interval,

i.e., we may consider the strip to be a rectangle, and the work done

during the expansion, p8v, will be represented by the area of the

strip. Similarly, for each successive strip the work done during
the expansion will be equal to the area of each strip, so that the

total work done in ex-

panding from A to B
will be equal to the

total area ABv^Q, the

line AB representing
the successive pres-
sure-volume states of

the body during the

operation.
It will be noticed

that the assumption
that each strip is a

rectangle becomes less

and less justified the

fewer the number of

strips; but on the

other hand, the more strips we take, i.e., the thinner we make
each strip, the more nearly does this assumption approach the

truth, so that the ultimate result that the total work done is

equal to the total area is absolutely correct.

267. Cyclic Changes. Often we find it convenient to have a

body undergo a series of pressure-volume changes such that its

final and initial states coincide. Such a series of changes is spoken
of as a cycle, and its graphical representation will be a closed

path, such as ABCD (Fig. 223). What will be the work done

during such a series of changes ?

Referring to the figure, it will be seen that in going from A to

B the gas expands, and therefore does an amount of work equal
to the area ABMLA.
From B to D the gas is compressed, so that during this change

v "i Volume
FIG. 222. Work done during Expansion

when Pressure is not Constant.
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B

work is done on the gas, instead of by the gas, the amount being

given by the area BMNDCB. Finally, in coming from D to A,
the gas again expands, doing an amount of work equal to the

area DNLAD.
Hence total work done by the gas = area ABMLA+area DNLAD

= areaDNMBAD,
and total work done on the gas= area DNMBCD.

/. net work done on gas =area DNMBCD area DNMBAD .

=area ABCD.
It will be seen that if the series of changes were reversed, i.e.,

if the gas were altered as in-

dicated by ADCB, then the

enclosed area would represent
the net work done by the gas.
Hence when a body executes

a cycle of changes, the area

enclosed by the cycle represents
the net work done on or by the

externalforce.
268. Special Lines of Pres-

sure-Volume Changes. In the

study of the relation between
work and heat, we find that

the conditions under which

pressure-volume changes occur
FlG ' Tc^c^ "*

may generally be reduced to

certain standard types which admit of very simple graphical

representation. These are shown for gases in Fig. 224, and are as

follows :

(1) Change at Constant Pressure. Since pressures are plotted

vertically, this will obviously be a horizontal line.

(2) Change at Constant Volume. As shown in the figure, this

will be a vertical line, volumes being plotted horizontally.

(3) Change at Constant Temperature. It will be remembered
that such changes for gases were dealt with in Chapter IV. (Arts.

71 and 72) as Boyle's Law, and the analytical expression of the

changes was proved to be pv= K. The graph of this change is

called an isothermal. Students with a knowledge of analytical

geometry will recognise it as part of a rectangular hyperbola.

(4) Changes at Constant Heat. We shall proceed to show in

the next paragraph that an isothermal change is only possible if

Volume
M
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heat be either communicated to or abstracted from the sur-

roundings. When the pressures and volumes of the substance

undergo alteration, but a transference of heat to or from it

is prevented, it is impossible for the temperature to remain

constant. Such a change is spoken of as an adiabatic change,
and the graph of an adiabatic change is a curve somewhat steeper
than that of an isothermal, as shown in the figure.

269. The Nature of Adiabatic Changes. We can best realise

(i) Con.sta.nt PresMire

Volume

FIG. 224. Special Cases of Pressure-Volume Lines.

the nature of an adiabatic change by referring to the gas in the

cylinder of Fig. 220. It will be remembered that by the kinetic

theory, the temperature of the gas is determined by the mean

velocity of its molecules. Suppose we very slowly compress the

gas by pushing in the piston. The tendency is to increase the

velocity of the molecules by decreasing the distance between

them, so that the temperature tends to go up. The motion being

slow, however, there is time for this tendency to be compensated
for by the gas giving up some of its heat to the walls of the

cylinder, thus maintaining the average velocity of the molecules
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at its initial value, and keeping the temperature constant. Such

a change is therefore an isothermal change.

If, however, the gas be compressed very suddenly by a rapid

pushing in of the piston, there is now no time for the heat to be

imparted to the walls of the cylinder to compensate for an

increase in the velocity of the molecules. Such increase in velo-

city therefore takes place, and the temperature rises. There is no

transference of heat to or from the gas, and therefore the change
is adiabatic. It may also be expressed thus : Work being done

on the gas during the compression, its energy is increased, and
as no heat leaves it, its temperature rises.

If the mean velocity of the molecules is initially v, and the

piston be suddenly pushed in with a velocity u, each molecule will

on the average leave the piston wall with a velocity v-\-2U, and
the temperature will accordingly alter from T to Tx

in the ratio

In the same way, if the gas be expanded suddenly by pulling
the piston out, there will be a fall in temperature. In thus

expanding the gas does external work, and must therefore expend
energy in so doing. There is no time for this energy to be ex-

tracted from the walls of the cylinder, as would happen if the

piston were slowly withdrawn for an isothermal change, and the

energy must therefore come from the total possessed by the gas
itself. It is therefore taken in the form of heat and transformed

into the mechanical energy of the expansion, and hence the

resulting fall in temperature.
The essence of an adiabatic change, therefore, is that during the

process no heat either enters or leaves the system. Such alterations

as occur in the total energy of the system must accordingly affect

the heat supply which already exists, producing either a rise or

fall in temperature, according to whether the energy is increased

or decreased.

270. Internal Work during Expansion. An important assump-
tion is involved in the preceding which requires careful considera-

tion. We have assumed that during expansion we are concerned

with nothing but external work, and that the amount of heat lost

is exactly counterbalanced by the external work done. Is there,

however, no internal work done during the expansion? Let us

see how the question arises.
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It will be remembered that for all substances the total internal

energy of the molecules consists partly of the kinetic energy of

their motions
;
and partly of the potential energy due to their

distance apart. That this latter factor exists is due to the fact

that the molecules exert attractions upon each other, and any

attempt to increase the distance between them requires that

work shall be done against these attractions. As was pointed out

in Art. 255, the degree to which the potential energy is important
as a proportion of the total internal energy depends upon the

average distance between the molecules. It is important in

solids and liquids, where the molecules are close together, but in

gases the potential energy must be very small, the molecules

being much farther apart. Boyle's Law, known to be very nearly
true for most gases, was proved in Art. 84 (Chapter IV.) on the

assumption that this is zero, and in Art. 94 the necessary correc-

tion, due to Van der Waals, was

applied and was found to ap-

proximate much more closely than
High

Pressure

Low
Boyle's Law to the true behaviour

* of gases, thus pointing to the fact

that the intermolecular attractions,

though small, nevertheless do
exist.

This being so, it is reasonable to

suppose that a separation of the molecules farther apart than

they already are must necessitate a loss of energy equivalent to

the work done in the separation, and this loss of energy will pro-
duce a cooling in exactly the same way as a liquid cools when
some of its molecules are pulled up into the atmosphere during
the process of evaporation.
An experimental investigation of this must not be complicated

by the performance of external work. The adiabatic cooling
dealt with in the previous article was caused by the loss of energy
necessitated by the external work done in pushing a piston
outwards. This must be avoided as an undesirable complication,
and accordingly the principle oifree expansion must be employed.
This is illustrated in Fig. 225. Some gas at high pressure is

confined to the left of a partition, and if a small orifice O is made,
and the pressure to the right is low, the gas will naturally emerge
through from the high pressure to the low pressure, and in so

doing will expand. There being no piston to push outwards,
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there is no question of external work. Such work as is done is

internal, and if this takes place to any appreciable extent, it

will be detected by a reduction in temperature on the emerging
of the gas to the right of 0.

271. Joule's Experiment. In order to test this, Joule used
the apparatus shown in Fig. 226. X and Y are two metal
reservoirs which communicate with each other by means of the

stop-cock S. This stop-cock is initially closed, and X is exhausted
of all air; Y is filled with air at a pressure of about 22 atmo-

spheres. The whole is immersed in a calorimeter C, and when
the temperature is uniform, S
is suddenly opened, giving rise

to the conditions referred to in

Fig. 225.

Joule found on stirring the

water in .C and noting the tem-

perature that there was no ap-

preciable fall. In view of the

fact, however, that the water-

equivalent of the calorimeter C
was large, he could not hope for

any accurate results. The experi-
ment showed that if internal

work was done at all, it must
have been very small in quantity,
and for ordinary purposes could

be neglected.

272. Joule and Kelvin's Porous

Plug Experiment. A more accu-

rate experiment was later performed by Joule and Kelvin, at

the suggestion of the latter. It is known as the "porous plug
"

experiment. Instead of using a single orifice, which gives rise

to eddy currents, the gas was forced through a cotton-wool plug
B encased in a boxwood cylinder AA between two perforated

brass-plates C and D. The cylinder AA was surrounded, for

protection against local heat-losses, by a cotton-wool jacket EE.
The gas was led under pressure to D through a long spiral pipe
immersed in a water-bath to maintain a constant temperature.
The temperature of the gas on issuing from C was carefully noted

by means of a thermometer, and it was found that for all gases
with the exception of hydrogen, a perceptiblefall in the temperature

FIG. 226. Joule's Apparatus
for Internal Work done by a
Gas on freely expanding.
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took place, the cooling being proportional to the difference in

pressures on the two sides. For air the cooling at normal tempera-
tures was about .25 C. per atmosphere excess, and for carbon-

dioxide about 1.2 C. per atmosphere excess. For hydrogen, on
the contrary, a rise in temperature of about .04 C.' per atmo-

sphere excess was found, pointing to something in the nature of

a natural repulsion between the hydrogen molecules instead of

an attraction. This, it will be remem-

bered, agrees somewhat with Amagat's
results as to the deviations of hydrogen
from Boyle's Law. It is, therefore, fairly

definitely established that a little internal

work is done by a gas during free expan-
sion (work done on the gas in the case

of hydrogen). We speak of the cooling
effect consequent upon this* internal

work as the Joule-Kelvin Effect, and the

student will remember that we make use

of it in the liquefaction of gases (Art. 144).

The liquefaction of hydrogen is achieved

as a result of the fact that at 200 atmo-

spheres and a temperature of 200 C.

the Joule-Kelvin effect changes from

a heating to a cooling. The liquefaction

point is 253 C., and the process is a

very troublesome one, the necessary

cooling being brought about partly with

the help of an evaporating spray of

liquid air. We shall refer to further

consequences of the Joule-Kelvin effect

later.

273. The Slope of an Adiabatic. We now return to the

subject of adiabatic changes. It was pointed out in Art. 268

that the slope of an adiabatic is steeper than that of an

isothermal.

The reason for this is as follows. Consider a mass of gas whose

volume is v and whose pressure is />, its state being represented

by the point A (Fig. 228). Let AB be the isothermal passing

through this point. All points on this line are at the same

temperature as that of the gas at A. Also it will be remembered

that isothermals at higher temperatures than that of AB lie to

FIG. 227. Joule and
Kelvin's Porous-Plug
Experiment.



THERMODYNAMICS 321

the right of it, whilst lower temperatures are to the left of it

(Art. 72).
If we now let the gas expand suddenly, and therefore adiabati-

cally, since no heat is able to enter or leave, its temperature falls.

Hence the new condition will be represented by a point to the
left of AB. It will also be to the right of the line A.V, since the

volume has increased. It therefore occupies some such position
as A1 .

In the same way, if instead of expanding the gas is com-

Volumes
FIG. 228. Slope of Adiabatic compared with

that of an Isothermal.

pressed adiabatically, its temperature rises, and it will be repre-
sented graphically by a point A2 to the right of the isothermal

and to the left of the line Av. Hence the adiabatic passes through
A2AA1;

and is steeper than the isothermal.

274. Change of Energy of a Body as it moves along an Adia-

batic. What is the graphical significance of an adiabatic ? We
have seen that such a curve shows the successive states of a body
when we allow no heat to enter or leave it. Let A (Fig. 229) re-

present the pressure-volume state of the given body. Let us now
transform the body to the condition B adiabatically, so that as

the volume increases work is done against the external pressure.
The amount of this work done is represented by the area ABML.
The source from which this amount of energy is derived must be

x
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the body itself, since no heat is allowed to enter or leave the body.
Hence there must be at A an excess of energy over that at B
equal to the area ABML.

The significance of an adiabatic therefore is that for any two

points on it, the area enclosed between the ordinates through the

points represents the excess of energy at the higher point over that at

the lower. Now if we continue the adiabatic to the right, i.e., if

we indefinitely expand the substance, the curve becomes asymp-
totic to the horizontal axis

;
the pressure continually diminishes,

but never actually becomes zero. We may say that the pressure
becomes zero when the volume is infinity. As we approach this

condition the ordinate becomes smaller and smaller, so that the

additions to the total work done also become smaller, and the

total excess of energy
at A over that at oo is

given by the area en-

closed by the ordinate

through A, the adia-

batic, and the horizon-

tal axis.

Since the additions

to the work done
become so extremely
small as we approach
oo

y
it is convenient to

take as our zero of

energy that possessed
by a body whose volume has expanded to infinity. It follows
that the shaded area in the figure represents the total energy
possessed by the body at A.

275. Change of Energy in a Body in moving from a Point on
one Adiabatic to a Point on another. Consider two points A
and B on different adiabatics as in the figure (Fig. 230). Let AL
be the ordinate through A, and BM the ordinate through B.

Total energy at A= area AGO LA.
B= Boo MB.

.'. Excess of energy at A over that at B=area Aoo BMLA
as shown in the shaded portion of the figure.

276. Relative Contributions of Heat and Work to Excess just
considered. In representing the change in the condition of a

body from the point A to the point B, there is a loss of energy

Volume

FIG. 229. Graphical Representation of
Total Energy in a Body.
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equal to the area Ao BMLA. To what is this loss due? It may
be due to a loss of heat, or to a loss of work, or to some form of

\

L M Volume

FIG. 230. Excess in Energy of a Point on one Adiabatic
over a Point on another.

energy (electrical, chemical, etc.) other than these two. To avoid

complications, let us assume that no forms of energy other than

heat and work are involved. What then are the relative contribu-

L M Volume

FIG. 231. Relative Contributions of Heat and Work to Excess
of Energy at A over B.

tions of these two forms to the total ? Let us take a general case

in which the changes in the condition of the body in moving
from A to B are represented by the irregular line ACB (Fig. 231).
We have seen (Art. 266) that the mechanical work done is

represented by the area ACBMLA.
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Also the total excess of A over B =area AOO BMLA.
.'. Amount of heat abstractedfrom the body during the change

= total excess mechanical work done
= area AOOBMLA -area ACBMLA
=area AooBCA
=Area enclosed by the two adiabatics and the path

from A to B.

Hence it is seen that although the total change of energy

undergone is independent of the path from A to B, the relative

contributions of heat and work to this total change is directly

Isothermals

FIG. 232. Graphical Representation of Specific Heat.

dependent upon the path, and by suitably choosing the line

ACB, we can make either of them large or small.

277. Graphical Representation of Specific Heats of Gases. We
are now in a position to represent graphically the specific heat of

a gas. For this purpose it is convenient to confine ourselves to

i gr. of the substance, and to understand all diagrams as repre-

senting this quantity. The specific heat of a substance is the

amount of heat which must be supplied to it (i.e., the heat it

must absorb) to raise i gr. of the substance i C. For solids

and liquids this is a sufficient definition, but it will be remem-
bered that for gases we further limit the definition by stating
that the change must be at constant pressure or at constant

volume (Art. 176). We^are now able to make the reason for

this clear to the student.

Let A (Fig. 232) represent the initial condition of the body, its
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temperature being t C. Through A draw the isothermal for t C.,

and the adiabatic.

Now heat the body and raise its temperature to (t+ 1) C. The

body will now be represented by some point on the (t+i)
isothermal. Which point on it are we to choose? Any point
on it will represent an increase in the temperature of i. The

point we choose will depend entirely upon the path taken by the

body from A on the graph. Thus, suppose we move along the

adiabatic through A until it cuts the (t+ i) isothermal at the

point Ar Along this path no heat enters or leaves the body, i.e.,

FIG. 233. Negative Specific Heats.

we raise the temperature of the body i without supplying any
heat to it at all, and its specific heat is therefore zero.

Again/suppose we move from A to some point B on the
( + i)

isothermal to the right of A, and that through B we draw the

adiabatic. Then the heat imparted to the body, as we have seen,
is the shaded area AB oo A enclosed by the path AB and the two
adiabatics. This area therefore represents the specific heat

;

but the farther we take B to the right along the (t+ 1) isothermal

the greater does this area become, so that the specific heat can

assume any value up to + o .

Finally, suppose we go from A at t to a point Bx (Fig. 233) on
the

(/+ 1) isothermal to the left of A, and that we draw the adia-

batic through B x . Moving to the left of an adiabatic implies that

instead of imparting heat to the body, we extract heatfrom it. We
therefore raise the temperature of the substance i and at the

same time extract a quantity of heat from it equal to the area
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ABjQO A. It follows that the specific heat is now negative. Also,
the farther to the left we take the point B 1;

the greater does this

area become, so that we now see that the specific heat of a gas can

assume any value whatever between + o and co . Of course this

in no way violates the law of the Conservation of Energy, for when
we get positive values for the specific heat, i.e., when we move to

the right, mechanical work is done by the gas in expanding, whilst

when we get negative values for the specific heats, i.e.
y
when we

move to the left, work is done on the gas to compress it, and it is

Volume

FIG. 234. To show that cp is greater than cv .

the sum of the heat and work energies which always remains

unaltered.

It will now be evident how essential it is in the case of gases to

add some qualifying conditions to the normal definition for

specific heat. An infinite number of values renders the term of

very little use, and we therefore confine ourselves to two particu-
lar changes from the t isothermal to the (t+ 1) isothermal. These

are (i) the specific heat at constant pressure, and (2) the specific

heat at constant volume.

278. Specific Heat greater at Constant Pressure than at

Constant Volume. To represent graphically the specific heat of

a gas at constant pressure, we pass from A (Fig. 234) on the t

isothermal to B on the (*+ i) isothermal along the constant-

pressure line AB parallel to the horizontal axis. Then drawing
the two adiabatics through the two points, we have specific

heat at constant pressure (cp) =area ABB1 *) A1A.
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Similarly, if we move from A on the f isothermal to C on the

(/+ i) isothermal along the constant volume line AC, and draw
the adiabatic through C, we have specific heat at constant

volume (^)=area ACC
1

<*> A1A.

It is obvious from the geometry of the figure that cp is greater
than cv .

We may also see on physical grounds why this is so, for if we
consider i gr. of a gas imprisoned by a piston within a cylinder,
if we raise the temperature of the gas i, but at the same time

prevent the piston from moving outwards, so that the operation
takes place at constant volume, then the heat energy which

must be supplied is that amount which will suffice to produce
the required rise in temperature. If, on the other hand, we allow

the rise in temperature to take place at constant pressure, then

as the gas increases in temperature it expands, pushing the

piston out until the pressures on both sides of it are the same.

In this case, in addition to the amount of heat necessary to pro-
duce the required rise in temperature, an additional amount of
heat energy must be supplied to provide for the mechanical work

done by the gas in pushing the piston out. Hence the specific heat

at constant pressure is greater than the specific heat at constant

volume.

279. Value of cpcv . The difference between cp and cv is

obviously this additional amount of heat energy required for

the mechanical work done in expanding against the piston at

constant pressure. It will be noticed that we neglect from the

preceding argument the internal work done by the gas during
the expansion. Compared with the other quantities involved,

however, this is very small, as we saw from the porous-plug

experiment. For any gas the degree to which the Joule-Kelvin
effect obtains is, it will be remembered, the degree to which the

gas deviates from Boyle's Law. Hence for a perfect gas, i.e., one

which obeys Boyle's Law, the Joule-Kelvin effect is zero.

Dealing, then, with a perfect gas, we have cpcv
= mechanical

work done at constant pressure. Referring to Fig. 234, let v be

the initial volume at A, and v z the final volume at B after

expansion at constant pressure p.

Then mechanical work done= area

.'. (cpcv)
calories =p(v 2 v1) ergs.
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The left-hand side of this equation is in terms of heat energy,
i.e., calories, while the right-hand side is in ergs.
To bring both to ergs, we have

](cp-cv)=p(v2 -v1).

But for a perfect gas, we may apply the Gas Law, pv=RT.
/. pvi=RT for the t isothermal

and^2=R(T+ i) for the (*+ i) isothermal

where T=
..^ 2 -"i)=

=R.
j^

Hence we have cp cv=

where R is the gas constant, and J is the mechanical equivalent
of heat.

-n

280. Calculation of J from (cp -cv). The equation cp-cv= -=

affords a very ready means of obtaining a value for J.

From the Gas Law, R==T 273

where p and v are the pressure and volume respectively of

i gr. of gas (say air) at o C.

Now these are well-known experimental values, since we are

able accurately to measure the density of air at o C. and at

760 mms. pressure.
Thus i c.c. of air at N.T.P. weighs 0.001293 gr.

/. vol. of i gr. of air at N.T.P. =v = c.c.

0.001293

Also pQ
= weight of a column of mercury 76 cms. high and

i sq. cm. cross-section

= 1,013,000 dynes.

Further, by experiment, ^=0.238 and ^-=0.17,

giving J =
Cv

1,013,000

273 x.o68 x.001293
=42 x io6 ergs.
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This method was originally due to Mayer, and was performed
before Joule's first determination of J. Actually it should be

noted that corrections are necessary both for the fact that

Boyle's Law is not strictly true, and that there is a Joule-Kelvin
effect.

281. The Elasticity of a Gas. The elasticity of a substance is

Volume

FIG. 235. Isothermal and Adiabatic Elasticities.

defined as the ratio of the stress or force applied per unit area

alteration in volume
to the strain produced, where strain=

original vvolume
For a gas which normally is at a pressure p and volume v, if

an additional pressure dp be applied, producing a diminution in

volume dv, then we have elasticity
stram dv

But a diminution in volume dv, i.e., a compression, may be

brought about either at constant temperature (isothermally) or

without allowing any heat to pass between the gas and its sur-

roundings (adiabatically), and a reference to Fig. 235 will show
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that in each case a different increase of pressure dp is necessary,

giving us two different values for the elasticity.

Starting at the point A on the t isothermal, whose pressure is

p and whose volume is v, suppose we compress the gas iso-.

thermally. To do this we must extract heat from the body, and
we therefore move along the isothermal to C, the increase in

pressure being dp1
= BC. If on the other hand we move along the

adiabatic through A until the diminution in volume is dv, then

the increase in pressure now becomes dp 2
= ED.

Hence what we may call the isothermal elasticity v -

(i)

while what we may call the adiabatic elasticity =^-7-^ (ii)

. adiabatic elasticity dp2 BD
and the ratio -. ^, ^--=-f-*=-=>y say.isothermal elasticity dpl BC

But for a perfect gas, we may apply Boyle's Law to the points

AandC;
'\.z.,pv=(p+4p)(v-dv)

.'. pv=pv+v.dpp.dvdp.dv
.'. p.dv=v.dpdp.dv.

Now the increase in pressure and the decrease in volume which
we are here considering are extremely small. Hence the product
dp.dv will be extremely small compared with the terms v.dp and

p.dv ;
we may, therefore, neglect it.

.'. p.dv=v.dp

dp
:.p=vf-dv

= isothermal elasticity [from (i)j.

Hence the isothermal elasticity of a gas is its pressure (p)
and the adiabatic elasticity of a gas is yp.

282. Value of y. What is the value of y, the ratio of the

adiabatic elasticity to the isothermal elasticity ? We have seen

~D"T)

it is the ratio ^^- in Fig. 235.
.BC

Now we may pass from the point A to the point D along AB
and BD and finish with the gas in the identical condition it would
have were we to move it directly along the adiabatic AD. Let

us consider this indirect path, and let us suppose we are dealing
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with i gr. of the gas. In moving from A to B, we compress the

gas at constant pressure, cooling it from t to (t8t). Hence
we extract an amount of heat equal to cfit [i.e., specific heat at

constant pressure x fall in temperature] .

Now the total heat transferred to or from the gas in moving
from A to D must be zero, since they are points on the same
adiabatic. Therefore to bring the body from B to D, the heat

which must be supplied must also be equal to c^St. This will

produce a rise in temperature, since the volume is constant,

proportional to the heat supplied, and of course the pressure will

rise in the same proportion. (The rise in temperature will be

evident from the fact that D is to the right of the t isothermal.)
The total increase in pressure will be BD.
Now if instead we only bring the body from B to C, we heat

the gas at constant volume from (t8t) to t (since C is on the f
isothermal) and we supply an amount of heat equal to cv8t, less

than that amount c^St which would bring the body to D. The
volume being constant, the increase in pressure for a perfect gas
is proportional to the heat supplied.

dp9 BD c*8t e*
Hence we have -?= =^~=^=y.

dpl BC cvbt cv

Hence the ratio of the adiabatic to the thermal elasticities of a

perfect gas is equal to the ratio of the specific heat of the gas at

constant pressure to the specific heat at constant volume;

adiabatic elasticity _ specific heat at constant pressure
"'

isothermal elasticity "specific heat at constant volume

283. Equation to an Adiabatic. It will be noticed in Fig. 235
that the triangle DBA, when A and D are very close together,

DB
is such that the ratio -r^- measures the tan. of the angle of slope

AJhJ

of the adiabatic at the point A.

CR
Also, in the same way =-r measures the tan. of the angle of the

x>A

slope of the isothermal passing through A.

DB
TT tan, of slope of adiabatic at A BA DB

tan. of slope of isothermal atA~ CB ~~CB

BA
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Now the equation to the isothermal,, as we know, is

pv= constant.

It may be shown that the equation to the curve, the tan. of

whose angle of slope at any point is y times the tan. of the angle
of slope of the curve pv= constant, will be given by

pv
y= constant.

This is a very important result. The proof involves a know-

ledge of the calculus, and we give it for the benefit of such

students as possess this knowledge:

Starting with the isothermal pv= K,
we have by differentiation pdv -\-vdp

=
o,

whence v-r = p.
dv

But p is the isothermal elasticity.

Hence y .p is the adiabatic elasticity.

, .. . . , A . - stress dp dp
By definition, any elasticity

= = -=#-/-
strain v dv

Hence v^-=y.p,
dv

and separating the variables, we have

dp dv
-JL y .

p v

Integrating, we get log. p = y . log. v +c,

giving p=cv~'
v

:. pv
y =c.

284. Experimental Determination of y. The theory of the

experimental methods for the determination of y will be under-

stood from Fig. 236. Suppose we have a gas confined at pressure

pQ and volume v in a vessel well protected from external changes
of temperature, p being slightly higher than the atmospheric

pressure p. If we now suddenly open the stop-cock by means of

which the gas is able to communicate with the air, it will be

found that owing to the excess of pressure (pQ p) air will flow

out, and if the stop-cock is a very wide one, the outflow will be

very rapid, producing adiabatic cooling.
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We thus bring the gas from the condition A down the adia-

batic to the condition represented by B. The pressure is now

atmospheric (p).

The stop-cock is again closed, and as the gas has momentarily
cooled below the temperature of its surroundings, a flow of heat

will take place from the walls of the containing vessel until the

temperature is restored to its initial value. The body will there-

fore now be represented by some point on the isothermal through
A. As to which point this will be is determined from the fact that

FIG. 236. Theory of Determination of 7.

in consequence of the increase in temperature, the pressure will

rise, and since the volume of the vessel is constant, the required

point will be where the constant-volume line through B cuts the

isothermal, i.e., at C.

Suppose the pressure corresponding to C is pv
Then from a knowledge of the three pressures p , p }

and p1}

the value of y may be found as follows :

Applying the equation pv =K to the points A and C on the

isothermal, we have

Hence by logarithms,

log- Po
- log- Pi = log- v ~ log- *V (i)

Also, applying the equation pv
y=

K^ to the points A and B on
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the adiabatic we have

/. lOg. P -

Hence, dividing (ii) by (i)
we have

log- ftp-log-

FIG. 237. Clement and Desormes' Apparatus.

All the quantities on the right-hand side are observable during
the experiment, and hence y may be calculated.
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285. Clement and Desormes' Method. Fig. 237 shows a form

of apparatus devised by Clement and Desormes for the deter-

mination of y on the above lines.

It consists of a large glass vessel, of about 15 litres capacity,

completely immersed in a box (not shown) packed with felt or

cotton-wool, or some other non-conducting material. The neck

of the vessel is closed by a metal cap, issuing from which are

(i) a narrow tube connected with an oil manometer, (2) a stop-
cock by means of which the flask may be put into communication

FIG. 238. Rontgen's Apparatus for 7.

with the atmosphere, and (3) a valve communicating with an

air-pump.
Air is first pumped in until the manometer registers a pressure

of about 30 cms. of oil, and when the manometer is steady, a

reading is taken. The stop-cock is then suddenly opened and

closed, and another reading taken. Finally, when the tempera-
ture has resumed its normal value, a third pressure reading is

obtained. It should be noticed that in practice the assumption
that the expansion is purely adiabatic is not justified, and a

correction is necessary for the heat which is absorbed during the

time the stop-cock is open. When the gas is at A (Fig. 236) this

error is zero, and it is a maximum at B. Hence the heat absorp-
tion may be taken as proportional to the diminution in pressure,
and a pressure reading is therefore taken immediately after the

stop-cock is closed.
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286. Rb'ntgen's Modification. A serious experimental diffi-

culty in Clement and Desormes' apparatus is the fact that on the
sudden opening of the stop-cock, the oil-column of the mano-
meter begins to oscillate, and the taking of accurate pressure

readings is very difficult. On this account Rontgen modified that

part of Clement and Desormes' apparatus which was concerned
with the reading of pressures. The oil manometer was entirely

dispensed with. Instead a hole was cut into the flask, and a
sensitive corrugated disc similar to that used on an aneroid

FIG. 239. Pringsheim's Determination of 7.

barometer was fitted over it. Attached to this disc was a small

mirror m (Fig. 238). The disc accurately responded to all pres-
sure variations of the gas in the flask, causing a spot of light to

move over a graduated scale. This was observed through a tele-

scope, and in this way very accurate pressure measurements
were obtainable.

Rontgen obtained the following values for y :

Air . . 1.4053
C0 2 . . 1.3052
H . 1.3852 (?)

The value for hydrogen was not reliable, and is too small.

287. Pringsheim's Experiment. Pringsheim attacked the

problem on slightly different lines. Of the three pressures, pQ} p,
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and p l}
it is the second, p, which is so difficult to determine; the

others are steady pressures, for which the manometer gives
reliable values. Pringsheim obviated the necessity for reading
the pressure p by substituting for it a temperature reading. He
found that by using a blackened platinum bolometer strip he

was able very accurately to follow the temperature variations.

His theory was as follows:

Referring to Fig. 236, let T denote the absolute temperature
at the points A and C, and T the absolute temperature at the

point B.

Then since at C and B the volumes are the same, we have

Nmv
-

log. p -

..
I

log. />o -tog- Pi

= log, ftp-log, ft -log, ftp+ log. P!

log. p -\og. p!

__log. Pi-lag, p
log. p -log. Pi

log. ^
r [from(i)]

log.g log.|9

. _log.T -log.T

log. p -log.p!

giving l^o-log.Tlog.^-log.^
Hence if T and T

x
are known, since p and p are steady

pressures, y may be found. Pringsheim's method is shown
diagrammatically in Fig. 239. The stop-cock and manometer (not
shown) are retained as with Clement and Desormes' apparatus,
and in addition a blackened platinum strip p is introduced, com-

municating outside with the other three sides of a Wheatstone

bridge W. The platinum changes in temperature instantaneously
with the vessel, and these changes are followed in the usual way
by the bridge in consequence of the corresponding changes in



338 A STUDENT'S HEAT
*

the electrical resistance of the strip. The new position of balance

is found by trial, one or two preliminary experiments being

necessary. Pringsheim obtained the following results for y:

Air .... 1.4025

Oxygen . . 1.3977
Carbon dioxide . . 1.2995

Hydrogen . . . 1.4084

288. Acoustical Method. A simple method for the determina-

tion of y to which reference should be made is one which depends

upon a knowledge of the velocity of sound in a gaseous medium.
If v denote the velocity of sound, then

v= y.
V e

where e is the isothermal elasticity of the medium, and Q its

density.
The factor y indicates that it is the adiabatic elasticity which

is involved, and not the isothermal elasticity. A moment's
consideration will show why this is so. A sound wave is the

transmission of a series of alternations of condensations and
rarefactions of the medium. For an ordinary C note, for

example,, of frequency 256, we get a complete cycle of pressure

changes every ._,!,.
of a second. Such changes are obviously

too rapid to be isothermal in character, and therefore it is the

adiabatic elasticity which must be used.

Since the isothermal elasticity of a gas is its pressure, we have

/ p v-o

-/y.^.giving y=-\ Q P

Details of the experiment involved, known as the Kundt's
tube experiment, will be found in any elementary text-book on
sound.

Capstick has obtained the following values for y by the

acoustical method :

Hydrogen . . . . 1.41

Carbon dioxide . . . 1.31

Mercury vapour . 1.66

Ethyl alcohol vapour . . 1.13

289. Relation between <> and <v and Molecular Energy. It
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was shown in Chapter IV. (Art. 85) that for a perfect gas

= f of the kinetic energy of the molecules of the gas,

M being the mass, and u the square root of the mean square

velocity of the gas.

Dealing with i gr. of the gas at T absolute, we have

/w = RT=i-w2
.

Hence the kinetic energy of translation of the molecules of
a

i gr. of gas = =- RT.

Suppose we now raise the temperature of the gas one degree.
.'. new kinetic energy of translation of the molecules

Hence the increase of kinetic energy of translation of the

molecules

Now it is extremely likely that the kinetic energy of the mole-
cules is not wholly due to their translatory motion

;
there is most

probably a certain amount of vibratory and rotational move-

ment, as for example on the part of the electrons within the

molecules.

Let us denote by e the increase in this energy of rotation and
oscillation consequent upon a rise in temperature of i.

.'. the total energy to be imparted to the gram of gas to raise

its temperature i without change of volume=^R+.
2

But this by definition is the specific heat of the gas at constant

volume.

Hence we have

Now cp is greater than cv by the amount of mechanical work
done against the external pressure owing to the rise in tempera-
ture of i, when the gas is allowed to expand at constant
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pressure. It was shown in Art. 279 that this difference is equal
to R, the gas constant.

Hence c=*$R

2

R

Increase of Energy of Translation of molecules per degree rise

in temperature
Increase of Total Energy of the molecules per degree rise in

temperature (cv)

Hence the increase of the energy of translation of the molecules

per degree rise in temperature =c^(y i)

290. Boynton's Researches (1908). Boynton has recently

shown that, working from the above, it is possible to deduce
results with regard to gases corresponding to Dulong and Petit's

Law for solids. If we multiply cv by m, the molecular weight for

any given gas, we obtain the molecular heat. Boynton's values

for various gases are as follows :
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Gas.
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which must be performed upon a body in order to transfer it from
one condition pv to another p^Vi (a) entirely by the transfer of

heat energy, (6) entirely by the transfer of mechanical energy.
5. Why is it necessary in denning specific heat for a gas to specify

conditions of pressure and volume, while no such necessity exists

in the case of solids and liquids ?

Illustrate your answer from the case of glass whose coefficient of

cubical expansion is 0.000026 per degree Centigrade, specific heat

0.2, and density 2.5. [L. B.Sc. Pass.]
6. The specific heat of hydrogen is nearly 2.4, its density at o C.

and 760 mms. pressure of mercury is 9 X 10- 5
gms. per c.c., and the

coefficient of linear expansion of copper is 17x10-'. Find whether
in order to obtain an accuracy of i in 1000 in a determination of

the specific heat of hydrogen in an experiment with the steam
calorimeter when a copper sphere is filled with hydrogen at 20 atm.

pressure at o C., it is necessary to make a correction for the work
done owing to the expansion of the copper vessel. (J =4.2x10'
ergs per calorie.) [L. B.Sc. Pass.]

7. Distinguish between the specific heat of air at constant pres-
sure and at constant volume, and show how to determine the latter

when the former, together with the mechanical equivalent of heat,
are known. [L. Inter. Sci.]

8. Discuss the problem of the internal work done by a gas during
free expansion, and give an account of the experimental investiga-
tions which have been made to measure such work.

9. A quantity of damp air under pressure is suddenly allowed to

expand. Describe what happens, and show what has become of

the energy of the compressed air. [L. Inter. Sci.]
10. What do you understand by the Joule-Kelvin effect ? Describe

the porous-plug experiment, and give approximate results for air,

carbon dioxide, and hydrogen. How do you interpret the results

for hydrogen ? .

11. Distinguish between the specific heats of a gas at constant

pressure and volume respectively, and explain why one is greater
than the other. Describe a method of measuring each experi-

mentally. [L. B.Sc. Pass.]
12. Why is the slope of an adiabatic through any given point

steeper than the corresponding isothermal through the same point ?

1 3. Prove that the ratio of the adiabatic and isothermal elasticities

in the case of a perfect gas is equal to the ratio of their specific
heats at constant pressure and constant volume. Describe one
method of determining each of these ratios. [L. B.Sc. Pass.]

14. What is meant by an "
isothermal," and by an

"
adiabatic

"
?

Find the relation between pressure and volume for a perfect gas in

an adiabatic change. [L. B.Sc. Pass.] |*, -***

15. Calculate the work done during adiabatic expansion to infinity
of a given mass of gas which is initially under standard conditions

of temperature and pressure. [L. B.Sc. Pass.]
1 6. Describe and discuss the experiments of Joule and Thomson

on the flow of gases through a porous plug. What bearing has the
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Joule-Thomson effect on the methods now used for liquefying
gases? [L. B.Sc. Hons.]

17. Obtain the equation connecting p and v for a perfect gas
under adiabatic conditions, pointing out carefully the experimental
basis for all steps in the deduction. [L. B.Sc. Pass.]

1 8. Investigate the relation between change in total energy and

change in translational energy of the molecules of a gas with rise in

temperature. What deduction follows from this, assuming a know-
ledge of the ratio of the specific heats at constant pressure and
constant volume?
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CHAPTER XVII

THE SECOND LAW OF THERMODYNAMICS

291. Cycles of Changes. In this chapter we propose to con-

sider the relationship between heat and work both from the point

of view of the conversion of heat into work, and of work into

heat. The general plan of procedure will be to carry out a com-

plete cycle of changes of

pressure and volume such

that, beginning at A (Fig.

240) under given conditions

of pressure and volume, the

successive changes ABCD
involve an expansion of the

substance, which therefore

does work, whilst for the

remainder of the cycle,

DEFA, involving a com-

pression, heat is supplied to

the body, bringing it finally

Volume to the initial position A.

FIG. 240. A pv Cycle. During this cycle of changes
we shall not be concerned

with the performance of internal work, since as the body at

the end is in the identical condition it possessed at the

commencement, the algebraical sum of such internal work as is

performed must be zero. Hence the study of a cycle is essen-

tially a study of the relationship between the external heat

and mechanical energy changes which are involved in the

performance of the cycle.
It is sometimes possible to have a cycle such that the path

traversed is either ABCDEF (Fig. 240) or that indicated by the

reverse sequence of changes, AFE, DC, BA. Such a cycle is said

to be reversible.

292. Types of Cycles. We may simplify our investigations as

far as possible by choosing an easy cycle of changes. Fig. 241
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shows five types of such cycles, each very simple in character,

(a) shows a cycle made up of two constant-pressure lines and
two constant-volume lines, (b) is a cycle of two constant-pressure
lines and two isothermals, (c) two constant-volume lines and two

isothermals, whilst (d) and (e) differ from (b) and (c) only in the

substitution of adiabatics for isothermals. Of these, the first is

the simplest from the point of view of calculating the mechanical
work done. It was shown in Art. 267 that for a closed cycle, the

mechanical work done on or by the external forces during the

changes is given by the area enclosed within the cycle. In this

case we are concerned with a simple rectangle, and the calcula-

Isothermals

Adiabatics

Volumes
FIG. 242. Carnot's Cycle.

tion is therefore much simpler than in the case of the other

cycles. But it must be remembered that we also want to know

exactly how much heat is supplied or absorbed during the

changes, and for this the first type of cycle is useless. Heat energy
is easiest represented graphically by means of adiabatics (Art.

274), since in moving along them no heat is extracted from or

given up to the surroundings.

293. Carnot's Cycle. From the point of view of both heat and

work, the most convenient form of cycle is made up of the inter-

sections of two isothermals and two adiabatics, as shown in Fig.

242. This is known as Carnot's Cycle, and as we shall see, it is

reversible, since we can traverse it either by the path ABCDA,
or the path ADCBA.

294. The Realisation of Carnot's Cycle. We now proceed to
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consider how it is possible to cause a body to undergo tht

necessary alterations of pressure and volume which will carry
it round the path ABCD. We shall see that such a

cycle
cannot

be actually followed in practice, but we can approximate to it

theoretically without limit by exaggerating the degree to which
certain physical properties, e.g., conductivity, are possessed by
the parts of the mechanism to be employed.

Let us see first what are the transformations to be carried out.

We will suppose that only one gram of the substance is being
used. Starting with the condition represented by A (Fig. 2430),
we first compress it adiabatically along AB ; during this com-

pression no heat enters or leaves the substance. From B to C
the material is made to expand isothermally, so that to prevent
the temperature from dropping, heat must be supplied to it.

From C to D the substance expands adiabatically ; no heat enters

or leaves it, so that, as it loses energy in the performance of work,
its temperature falls

;
and finally from D to A we compress the

body at constant temperature, extracting heat from it in so

doing.

Throughout the cycle of operations, work has been done on or

by the body; heat changes only occur, however, from B to C, when
heat is absorbed from the surroundings, and from D to A, when
heat is abstracted by the surroundings. The ideal mechanism

necessary for the performance of the various steps in the cycle
is indicated in the lower part of Fig. 243. The compressions and

expansions are carried out by means of a cylinder and piston,
and in order that there may be no losses of any kind, the mechan-
ism must be absolutely frictionless an obviously ideal arrange-
ment. During the adiabatic compression from A to B (Fig.

243^) it is essential that no heat be imparted to or extracted

from the walls of the cylinder ;
we must therefore conceive this

stage to be carried out in an insulating enclosure of zero conduc-

tivity. On the other hand, the expansion stage from B to C

(Fig. 243*:) requires that heat shall be absorbed from the sur-

roundings in order to keep the temperature constant, and for

this purpose we must imagine the cylinder to be instantaneously
transferred (without loss during transference) into a hot reser-

voir of perfect conductivity. From C to D the expansion must

again be adiabatic, so that the cylinder is again transferred to

the insulating enclosure of zero conductivity (Fig. 243^), and

during this stage the temperature therefore falls to that of the
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lower isothermal. Finally from D to A the compression being
isothermal at the lower temperature, the tendency for the

temperature to increase is prevented by enclosing the cylinder
in the cold reservoir of perfect conductivity (Fig. 243^), in conse-

quence of which heat is given up to the surrounding walls. The

cycle of changes is thus completed.

295. Relation between Heat and Work in Carnot's Cycle. The
relation between the heat and work in Carnot's cycle is very

easily obtained. We have seen that the only heat changes which
are involved is an absorption of heat by the substance from
B to C, and an extraction of heat from the substance from D to A.

Let H!=amount of heat absorbed from the hot reservoir from
BtoC.

H =amount of heat given up to the cold reservoir from
D to A.

.*. total heat received by substance during 1^16= 11! H .

Also, we know from Art. 267 that in moving round ABCDA,
work done by substance = area BCDOMB,

and on = DABMOD.
.'. total work done by substance during cycle =area ABCD.
But the substance at the conclusion of the cycle of changes is

in the same condition as at the beginning, and hence the total

heat received must be equal to the total work done.

/. area ABCD=H1
-H

;

i.e., by extracting an amount of heat H
}
from the hot reservoir,

and giving up an amount of heat H to the cold reservoir, the

substance has been able to perform an amount of mechanical

work equal to the area ABCD. It should be noticed that if

we had performed the cycle in the reverse order ADCBA, then

Hj H would be the total amount of heat extracted from the

substance, in consequence of which a net amount of mechanical
work equal to the area ABCD would have been performed on
the substance. It is only, however, because the mechanism is

absolutely frictionless that such reversal is possible, since by
friction we mean the frittering away of mechanical energy in the

form of useless heat, and in a non-frictionless heat-engine this

would occur with both direct working and reversed working;
there would be no possibility of its balancing out.

296. Efficiency of Heat Engines. In the cycle of changes we
have just considered, a quantity of heat H! is absorbed from
a hot reservoir, and is therefore available for conversion into
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mechanical energy. Only a fraction of this, however, is so utilised,

since an amount H of it is returned to the cold reservoir. It

will be seen that the fraction of Hj which is finally converted

into work is a measure of the efficiency of the engine. We there-

fore define the efficiency of a heat engine as the ratio of the amount

of heat which is converted into work to the total amount of heat

availablefor such conversion. We usually denote it by the Greek

letter 77.

-r-trr -Hi - -

Efficiency

What are the conditions which make for a high efficiency in

an engine? The maximum efficiency is obviously unity, and

since ?/
= i the smaller we make ^~ the more nearly doH

i HI
we obtain the maximum value. We must, therefore, make the

TT

numerator of ^ as small as possible, and the denominator H
xH

i

as large as possible, i.e., we must make the temperature of the

hot reservoir very high, and the temperature of the cold reservoir

very low.

297. To show that Carnot's Cycle is the most Efficient Engine

possible. In comparing the efficiencies of different heat-engines,
it is obvious that some basis of comparison must be adopted. It

is convenient to take for this the condition that the engines shall

work between two fixed temperatures ;
in each case the tempera-

tures of the hot reservoirs must be the same, and also the

temperatures of the cold reservoirs. This fixes, as we have seen,
a definite value for the efficiency of a Carnot's cycle, and it now
remains to be seen how other cycles, working between the same
fixed limits of temperatures, compare with Carnot's cycle in

efficiency. Suppose it to be possible to have an irreversible cycle
which is more efficient than Carnot's cycle. There are two

possible ways in which we might conceive this to happen.

(i) The irreversible cycle might absorb less heat from the hot

reservoir, and give up less heat to the cold reservoir, and yet do the

same amount of mechanical work.

Thus suppose the new cycle absorbs an amount of heat
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'S.l hl)
where H 1

=amount absorbed in Carnot's cycle ;
and

also that it gives up an amount H h to the cold reservoir,

where H =amount given up in Carnot's cycle.

Now suppose the new cycle to be traversed direct once, and
Carnot's cycle to be worked once reversed.

Calling the new cycle A and Carnot's cycle B, we have :

Heat extracted from hot reservoir by A=(H 1 h^
and heat given to hot reservoir by B =H x .

.'. total heat given up to hot reservoir= Hj (Hj hj)

-A,.
Also, heat given up to cold reservoir by A =H hQ

and heat extracted from cold reservoir by B = H .

.*. total heat extracted from cold reservoir =H (H /z )

=v
But A and B, when working direct, both do the same amount
of work, so that when A works direct and B is reversed, the total

work done=+W W = o.

/. if our supposition is true, we have a mechanism whereby
we can take heat from a cold body and give it to a hot body
without doing work. This is contrary to all experience; it is

impossible. Hence the alleged more efficient cycle cannot exist.

(2) There is now the other possibility to be considered. Sup-
pose it to be possible for the irreversible cycle to extract the same
amount of heat from the hot reservoir and to give up the same
amount of heat to the cold reservoir as would be the casefor Carnot's

cycle, and yet perform a greater amount of mechanical work equal
to W+Wj where W is the amount of work performed by the

Carnot's cycle when working direct.

As before, suppose we work the new cycle direct once, and*

then Carnot's cycle once reversed.

/. heat absorbed by A from hot res.ervoir =H x

and heat given up by B to hot reservoir=H
1 .

.'.net amount of heat absorbed from hot reservoir =-H
1
H1
= o.

Also heat given up by A to cold reservoir =H
and heat absorbed by B from cold reservoir=H .

.'. net amount of heat given up to cold reservoir = H H = o.

But work done by A during cycle =W+w
and work done on B during cycle

= W.
.'. net work done=(W+z;) W

= w.

Hence without the extraction or liberation of heat, work has
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been performed. This again is contrary to all experience, and
therefore we conclude that, working between the same two limits of

temperature, no cycle can be more efficient than a Carnots cycle.

It will be obvious that the argument applies equally to all

reversible cycles.

298. The Second Law of Thermodynamics. The proof which
has just been given is based on what is known as the Second Law
of Thermodynamics, which states, It is impossible by any self-

acting mechanism or by any automatic process to transfer heat

from a cold body to a hot body without the assistance of some
external agency.

Lord Kelvin also enunciated it thus : It is impossible by
means of inanimate material agency to derive mechanical work

from a body by cooling it below the temperature of the coldest part

of its surroundings.
This is really another form of the Principle of Degradation of

Energy referred to in Art. 258. We have no direct proof as such

of the Second Law of Thermodynamics it is the undeniable

result of every-day experience.

299. Absolute Scale of Temperature. Since we have proved
that no cycle can be more efficient than a reversible cycle, it

follows that the efficiency of every reversible cycle must be the

same when working between the same limits of temperature.
This constancy of the efficiency of the reversible cycle is of

extreme importance. It is obviously quite independent of the

material used, and this fact is taken advantage of in the con-

struction of an absolute scale of temperature. The ordinary scales

of temperature we have hitherto used have all been defined in

terms of the substance to be heated. Thus the Centigrade scale

is inseparable from the idea of ice, water, and steam. If, however,

it is possible to devise a scale of temperature which will apply

equally to all materials, it follows that such a scale will be

absolutely free from all those errors which in other scales present
themselves as a consequence of the different physical properties
of the different kinds of substances.

We have seen that the efficiency of a cycle is given by
H

'-'-H-;
where H x

=amount of heat absorbed at the high temperature
and H = given up low
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Also
r;

is independent of the material used, and hence the ratio
TT

^will also be independent of the material used. It is this ratioH
i

which we make use of in what is spoken of as the Absolute

Thermodynamic Scale of Temperatures.
If on this scale we take T

1
and T as representing the tempera-

tures of the isothermals in moving along which Hx and H are the

respective quantities of heat absorbed or liberated, then we fix

T! and T such that

TT

and since ==^ is the same for all materials, it must follow thatH i

T
= will be the same for all materials.
A
i

The ratio alone is insufficient to determine the values of T
and Tj. Another relation is necessary. For convenience, we
introduce something which enables us to bring our thermo-

dynamic scale of temperatures into close relationship with one

of the already existing scales; we agree to arrange the scale

so that there will be a hundred degrees' interval between the

freezing-point of water and its boiling-point.

Let T =temperature of the freezing-point of water

andTj= boiling-point
Now we know by experiment that in this case

TI HI ,.,.

T-
=
H~

=I -366 -

1 o tt

But T^

100

.-.^-.366.
rr, IOO

' T =
.366

= 273 -

/. the absolute thermodynamic scale of temperature is such that

the freezing-point of water is taken as 273, and the boiling-point

of water 373.
It will be remembered that on the absolute gas scale for
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a perfect gas the temperatures of the freezing-point and boiling-

point of water are also 273 and 373 respectively. The

question at once arises, Are these two scales in any way
related?

300. Relation between Absolute Thermodynamie Scale and
Absolute Gas Scale. Clapyron's Cycle. Suppose we have two
isothermals (Fig. 244) such that their temperatures on the

absolute gas scale are 6 and
6^ respectively, whilst on the

absolute thermodynamic scale their temperatures are T and Tj
respectively.

Let us traverse these two isothermals by means of two adia-

M P

Volumes
FIG. 244. Carnot's Cycle for a Perfect Gas.

batics as shown, giving the Carnot cycle ABCD. Using the

usual notation for heat emitted or absorbed, we have by defini-

tion of the absolute thermodynamic scale :

Now for a perfect gas, with which it is assumed we are now
dealing, the Joule-Kelvin effect is zero, and therefore the heat
absorbed is equal to the mechanical work done in expanding.
Hence we have H = area BCNMB

andHj* ,, ADPLA.
Now if instead of taking two adiabatics, as in Fig. 244, we

substitute two constant-volume lines, as in Fig. 245, we obtain
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a nearly equal cycle known as Clapyron's Cycle, provided T1 and

T are very nearly alike.

In this case, we have
H -areaBCMLB

and Hj= ADMLA.
But it will be seen by those with a knowledge of elementary

calculus that

area BCMLB=

and ADMLA==^w,
where pQ and pt

are the pressures corresponding to any given

constant-volume line.

9

and T&i==

Now for a perfect gas we have /w=

and hence p l
= - and p

and K,=

But by definition of the absolute thermodynamic scale of

temperatures, we also have

T" ft

and therefore ~ =~
j o wo

i.e., the ratio of any two temperatures on the absolute thermo-

dynamic scale is equal to the ratio of the two corresponding
temperatures on the gas scale.

But also in both scales we have 100 between the freezing and
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boiling points of water. It must thereforefollow that the two scales

are absolutely identical.

The particular thermodynamic scale of temperature we have
here considered is due to Kelvin, and is accordingly spoken of as

Kelvin's Absolute Thermodynamic Scale of Temperatures.
301. Entropy. The relationship which defines for us Kelvin's

absolute scale of temperatures may be re-written in the form

HO_HI
TO T,

Viewed from this aspect, the following important property of

matter presents itself:

Volumes
FIG. 245. Clapyron's Cycle for a Perfect Gas.

Let GECA and KFDB be any two given adiabatics, and let

these be crossed by any number of isothermals of temperatures
T

, T!, T2 ,
T3,

etc. Then if H
, H^ H 2 ,

H 3 , etc., are the quantities
of heat which are absorbed by the substance in passing from the

adiabatic GECA to the adiabatic KFDB along the respective

paths AB, CD, EF, GH, etc., the relationship
?o= 5i tells us
U *i

that no matter along what isothermal the body is moved, the ratio

of the heat absorbed to the temperature of the isothermal on the

thermodynamic scale is constantfor the given substance,

i.e.,

H H
T,

etc.
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We usually denote this ratio by (f>,
and it is spoken of as the

entropy of the body.
It should be carefully noticed that the two given adiabatics

must be fixed; it is the isothermal which may change. The

entropy of a body is a definite physical property just as is its

temperature or its pressure. This will easily be understood if the

student realises that for any given isothermal path between two
fixed adiabatics, the heat which one substance will liberate or

absorb will naturally be different from that of another substance.

302. Zero of Entropy. Referring to Fig. 246, it will be evi-
TT

dent that for any given substance the value will be dependent

FIG. 246. The Meaning of Entropy.

upon the adiabatics which are taken. If we had taken one
farther to the left than GECA the result would have been greater.

TT

The value - is therefore really the difference of entropy between

the two points A and B, or C and D, or E and F, etc. For an
absolute value of entropy a zero is necessary, and this, of course,
will be an arbitrary one. The zero of entropy will necessitate

the adoption of some standard adiabatic to which alii heat

measurements may be referred.

This may be taken in perfectly general terms as being a given
adiabatic AB (Fig. 247). The entropy of a body is unaltered in

moving along an adiabatic, since in so doing no heat is given up
or absorbed, so that all along AB the entropy will be zero.
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Hence in moving along an isothermal LMN of temperature T
to a point M on another adiabatic, if a quantity of heat H is

TT

absorbed, the entropy at M will be
c/>
= =, and this will therefore

be the value of the entropy at every point along this adiabatic.

If now we move the body farther along the T isothermal to N,
and it thereby absorbs an additional quantity of heat H 1;

the

entropy as measured from the zero line is now given by
H+H,

FIG. 247. Zero of Entropy.

TT

We speak of the quantity -=? as the difference of entropy between

the points M and N, and it will be written fa <f).

We may take advantage of the fact that the entropy of body is

unaltered in moving it along an adiabatic by defining entropy as

that thermal property of a substance which is constant so long as

no heat is communicated to or abstractedfrom its surroundings.

303. The Difference of Entropy between two States of a

Substance is independent of the Path. Let the initial condition

of a body be indicated by the point A (Fig. 248), and let it be

subjected to a series of changes represented by the irregular line

AB, so that B indicates the final condition of the body. Then in

passing from A to B there will be a change of entropy <. It may
easilybe shown that the value of

<f>
is independent of the condition

of the body intermediate between A and B. For draw the adia-
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batics and isothermals through the points A and B, and let the

space enclosed be divided up into a very large number of very
thin strips, such as xyx1yl) by a series of adiabatics very close

together. Now the small portion of the path x
1y1 practically

coincides with the isothermal through xv and therefore we may
say
the small quantity of heat absorbed from x^ to y

temperature of isothermal through x^y-^

_the small quantity of heat absorbed from x toy

temperature of isothermal through xy
and similarly for each strip.

Volume
FIG. 248. Change of Entropy independent of Path.

And therefore we have
the sum of all the changes of entropy in moving along the original

path AB from strip to strip =the sum of all 'the changes of

entropy in moving along the isothermal AC.
And AC is independent of the path AB, being only determined

by the positions of the adiabatics through the points A and
B

;
and hence the total change in entropy from A to B is

independent of the path.
'

H

It is interesting to notice that for a closed reversible cycle the

change in entropy is zero, since the final state is also the initial

state.
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304. Transfer of Heat from one Body to another always pro-

duces an Increase in the Entropy of the System. If we have an

irreversible process, such as the transfer of heat from a hot body
at a temperature of T

x
to a colder body of temperature T ,

it is

easy to show that the entropy of the system as a whole has

increased.

For let H denote the amount of heat passing from body A to

body B (Fig. 249).

A B

FIG. 249. Increase of Entropy of a System of Bodies.

TT

Then the hotter body loses an amount of entropy=
L i
TT

and the colder body gains an amount of entropy= ro

Now Tj is greater than T
,
and therefore =- is less than

*

,

A i ^o

and the gain of entropy of B will accordingly exceed the loss of

entropy of A, the net gain of entropy of the system being

..
The increase of entropy is characteristic of irreversible pro-

cesses. In the universe, so long as differences of temperature
exist, the natural tendency is for heat to flow from the hotter

to the cooler bodies. Hence it follows that the entropy of the

universe persistently tends to increase.

305. Temperature - Entropy Diagrams. When a substance

undergoes a series of changes involving the loss or gain of heat, it

is often convenient to represent these graphically by a tempera-
ture-entropy diagram, instead of a pressure-volume diagram.
Such a graph is usually spoken of as a 00 diagram, 6 denoting
the absolute temperatures (plotted vertically) and <f>

the entropy

(plotted horizontally). Thus Fig. 250 shows a 00 diagram of a
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body, initially at Qj and with entropy fa, and finally at tempera-
ture 6 2 and with entropy fa.
The utility of such a diagram will be seen from a study of

Fig. 25 1
,
which shows a Carnot cycle represented (a) on a pv

diagram, and (b) on a 0< diagram.
Let Tx and T2 be the temperatures of the isothermals of the

cycle, and let fa and fa denote the entropies corresponding to

the two adiabatics, so that if Hj and H 2 be the amounts of heat

Entropy f(p

FIG. 250. Temperature-Entropy Diagram.

absorbed and emitted respectively along BC and DA, we have

i / Hj H2-= =

.'. total heat absorbed =H
1
-H 2=(T1-T2)(^2-^1).

Now along an adiabatic the entropy remains unaltered
;
such

a curve, therefore, becomes a vertical line on the 6<^ diagram,
and is then called an isentropic.

Also an isothermal must become a horizontal line on the 0^
diagram, since the entropy changes, but the temperature is

constant. Hence a Carnot's cycle will be represented on a 9<

diagram by a simple rectangle.
Now area of rectangle

=AD x AB

= total heat absorbed.



362 A STUDENT'S HEAT

Hence the work done during a Carnot cycle (equal to J x heat

absorbed) is very simply obtained from a 60 diagram, and as

the area of a rectangle is so much easi'er to find than the area of

T B

T
2
A

Volume Entropy
(a) Carnot's Cycle on a pv Diagram. (6) Carnot' s Cycle on a 6<p Diagram.

FIG. 251.

the cycle on the pv diagram, the advantage of the temperature-

entropy curve is at once evident.

Temperature-entropy diagrams find their chief application in

engineering in the study of various types of heat-engines.

SIMPLE THERMODYNAMICAL APPLICATIONS

We will now indicate one or two simple applications of the

laws of thermodynamics to the study of various phenomena
referred to in earlier chapters.

306. Variation of Latent Heat of Fusion with Temperature.
Let A (Fig. 252) represent on a pv diagram the initial state of

i gr. of a solid at the temperature of its melting-point. Keeping
the pressure constant, let us apply heat to the substance. Its

temperature remains constant, but the body begins to melt and
to increase in volume (diminish in volume in the case of ice).

When L calories have been supplied to the body (L being the

latent heat of fusion of the substance), suppose the new condition

is represented by B, AB being horizontal. Now apply a little

more heat
;
the body being now in the liquid state, the tempera-

ture increases by a small amount dQ, and the volume increases
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by an amount BC, C being the final condition of the body. If

we denote by c
2 the specific heat of the substance in the liquid

state, then the total amount of heat absorbed by the body will

be L+ 2^0; the mass being i gr.

Finally, let us apply a slight increase of pressure, so that the

ultimate condition of the body is represented by the point D.

We have, therefore, caused the body to traverse the path ABCD,
and if CD be very small, we may neglect any heat changes pro-
duced during the slight increase in pressure, so that the total heat

absorbed by the change is given

Volume of 1gramme
FIG. 252. Variation of Latent
Heat of Fusion of a Solid with

Temperature.

Volume of 1 gramme
FIG. 253. Variation of Latent
Heat of Vaporisation , with

Temperature.

But we can cause the body to go from A to D by another

path.
Let us start at A by applying a little pressure at constant

volume, bringing the solid to the position Ar If AA1 be small,
we may as before assume no heat changes have been involved.

The effect of an increase of pressure is, however, to raise the

temperature of the melting-point, and accordingly a small

quantity of heat must first be applied at constant pressure before

melting is possible. Suppose this increase is the same dQ as was

applied from B to C. This can, of course, only be justified if d&
be very small. The body is therefore now transferred to B x ,

and
if c1 be the specific heat of the substance in the liquid state, the

heat absorbed =cldQ. Now apply a further quantity of heat L,



364 A STUDENT'S HEAT

(the latent heat of fusion at the new pressure) and the solid melts
and increases in volume until the point D is reached.

Provided the distances AAj and CD and the increase in tem-

perature ^0 are very small, since the increase of energy of the

body in passing from A to D must be the same along both paths,
we may neglect the small amount of mechanical work done, so
that

i.e., the rate of increase of the latent heat offusion of a solid with
the temperature is equal to the difference between the specific heats

of the substance in the liquid and solid states.

We may write the above

And since c^>c1 for all substances, it follows that the latent

heat always increases as the temperature of the melting-point rises.

307. Variation of Latent Heat of Vaporisation with Tempera-
ture. Fig. 253 shows two typical liquid-vapour isothermals of

temperatures Tj and T which differ from each other very
slightly, so that if A and D are the limits of equilibrium of water
and vapour on theT isothermals, and B and C the limits of equili-
brium on the Tx isothermals, it may be assumed that the points
A and B lie on one adiabatic, and points C and D on another.

ABCD may therefore be looked upon as a Carnot cycle

through which the gram of substance under consideration

may be assumed to pass, expanding isothermally from B to C
during the process of evaporation, and contracting isothermally
from D to A during the process of condensation.

Let Lj = the latent heat of vaporisation at the temperature T^
andL =

., T
/. heat absorbed from B to C =H

1
=L

1

and heat given up from D to A=H =L

Hence we have 1 = -i=,-1

i.e.
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area ABCD
But we have proved that H 1

-^-H =
...

_areaABCD
. . L,j L, =

Let p!= pressure of the saturated vapour and liquid at T^
and/> = T
Let v1

= volume of i gr. of the liquid at the temperature of

the boiling-point
and z> 2

= volume of i gr. of the saturated vapour at the tem-

perature of the boiling-point.

area ABCD

J

Substituting in equation (i) above, we have

Rearranging so that all quantities which are small are on one
side of the equation, we get

2*2-^1 T =TI-TQ

J.L
- lQ

Pl -pQ

Inverting, we get

Q LZcP rate Of increase of the pressure of the

fdp
.

saturated vapour with temperature ( -~\

308. Boiling-Point and Pressure. We may deduce from the

very important relationship just proved the effect of an increase

in pressure on the boiling-point. For it at once follows that

^o- J

where dT is the small increase in the temperature of the boiling-

point produced by a small increase in pressure dp.

Melting-Point and Pressure. The same equation also applies
to the variations in the melting-point of a solid with changes in
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pressure. In working out numerical examples, the student should
be careful to remember that T is expressed in absolute units.

e.g., Determine the elevation of the boiling-point of water per
cm. increase of pressure, given that i gr. of steam at 100 C. ex-

pands 1650 c.cs. [Take L=535 ; J =4.2 x io7,g=98o dynes, and
the density of mercury= 13.6.]

We have dT=
T
^2

~
Vl)

.dp
J - Lo

Now 1= 273 + 100=373,
z> 2 -z>i

=
i65o,

J=4.2XI0
7
,

L =535,
dp = i x 13.6x980.

. JT ^373 x l65Q x 13-6 x 980

= .o365 C.

309. Osmotic Pressure. In order to deal with the final applica-
tion of thermodynamics we propose to describe, it will be neces-

sary to consider the elementary facts of a

phenomenon called osmosis. Suppose we
have a vessel A (Fig. 254) containing water

f

to the level XX, and suppose we dip into

ih
this a tube B containing a strong solution

ra: XL, of, say, sugar or salt, so that its level is

initially also XX. We will further suppose
that the lower extremity ab of the tube is

closed by a membrane such that it is

permeable to water, but impermeable to the

FIG. 254. Osmotic substance in solution in the water. Such a
Pressure. membrane is known as a semi-permeable

membrane.
We quickly find that the initial condition is not one of equili-

brium, for the water steadily penetrates from A into B until

a column XY is formed in the tube which remains steady. The

sugar or salt in solution in B does not penetrate into A; the only
movement is that of the water from A into B. We speak of this

as osmosis, and the pressure due to the column XY, which is a

result of this phenomenon, is called the osmotic pressure of the

solution B.
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If we denote by h the height of the column,, and if Q be its

density, then

the osmotic pressure =hgQ=7r.

It is found that TT depends upon the final strength of the

solution in B.

Suppose the solution originally contained n gr. equivalents
of salt, and that after equilibrium is attained, the volume of the

solution is V. Then the quantity is the volume which can be
n

assigned to one gr. equivalent of the dissolved substance.

Let us denote this by v. Then it is found that

TTV constant

so long as the temperature is constant.

Also, since v oc -, irv will also be QC -, and therefore the osmotic
ft n

pressure is inversely proportional to the concentration at

constant temperature.
Van t' Hoff has shown that the full relation between TT, v, and

the absolute temperature T is given by

and R is found to be identical with the gas constant R, i.e., 1.99
in the C.G.S. system.

This points to the fact that there is a strong similarity between
osmotic pressure and gas pressure, and it is thought that the

molecules of the salt are in a state of haphazard motion, pro-

ducing by their collision on ab a pressure which causes the

membrane to bulge downwards, thus causing water from A to

penetrate through to fill the extra space so provided. This action

goes on until the pressures on the two sides of ab become equal.
This view is supported by the fact that if external pressure be

applied to the surface Y of the liquid in B, the rising of the

column ceases.

310. Lowering of the Freezing-Point of a Salt Solution.

Suppose we have a solution containing n gr. equivalents of the

solute per c.c. and N gr. equivalents of the solvent per c.c.

Let T= absolute temperature of the freezing-point of the

solution

and L= latent heat of fusion of the solvent.

It is possible by taking i gr. of this solution through a
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reversible cycle to deduce the influence of the concentration

upon the freezing-point.

Suppose we cool the solution to a temperature Tdt, where
dt is very small

;
some of the solvent will be frozen out.

Now associated with i gr. equivalent of the solute there

N
are gr. equivalents of the solvent, so that the heat liberated

n

during this freezing out=L .
- calories.
n

Let us now suppose that by means of a semi-permeable
N

membrane we are able to separate out the gr. equivalent of
n

the pure solvent which has been frozen out, and that we heat this

back to T again. This produces melting again by a communica-

tion of heat to it equal to L . calories.
n

Now let the melted solvent diffuse through the membrane
back into the solute again so as to reunite with the gr. equiva-
lents of the solute from which it was previously separated.
The volume of the solution thus becomes increased, and if TT

is the osmotic pressure of the solution, and v the increase in

volume due to the solution of i gr. equivalent, then the work

Work done in heat

units Difference of temperatureNow efficiency =,n .

, r~ r~= TT- r~ir^oi neat ab_ Absolute temperature
sorbed

7TV (it

T N"T
J-/

(putting TTV=
J-l JLl

= n i.99T2

N* L
which was the formula quoted in Art. 114.
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QUESTIONS ON CHAPTER XVII

1. What do you understand by a cycle of changes? Distinguish
between a reversible and an irreversible cycle, stating the essential

physical conditions necessary for reversibility to be possible.
2. Describe Carnot's cycle. Show how the work done during

each operation is represented on a pv diagram. Find an expression
for the work done during each operation when the working sub-
stance is a perfect gas. [L. B.Sc. Pass.]

3. What is the second law of thermodynamics? Show that all

reversible engines working between the same temperatures have
the same efficiency, and prove the following relation between the

quantities of heat taken from the source and given to the refrigerator :

Qi =/(',)

Q* /('O

tj. and t t being the temperatures of the source and refrigerator

respectively. [L. B.Sc. Pass.]

4. Give an account of the series of changes known as Carnot's

cycle. Heat is transferred from the outside atmosphere at 5 C.

to a room at 15 C. by the reversed action of a Carnot's cycle.

Compare the amount of mechanical work needed for this purpose
with the amount required for the generation of the heat within the
room. [C. Tripos I.]

5. Assuming that all reversible engines going round a Carnot's

cycle between two given temperatures are equally efficient, show
how a work scale of temperature may be devised which is inde-

pendent of any particular material used, and show, by taking a gas
round a small cycle, that the gas scale nearly agrees with the work
scale. [L. B.Sc. Pass.]

6. Show that no engine working between two given temperatures
can be more efficient than a reversible engine, and hence obtain a
scale of temperature upon which the expression for the efficiency
of a reversible engine is expressed in terms of the temperatures
between which it works. [L. B.Sc. Pass.]

7. What is meant by a reversible heat-engine? Discuss the

efficiency of reversible engines, and show how from it to develop
the conception of an absolute scale of temperatures. [L. B.Sc. Pass.]

8. Discuss the possible economic value of heating a room by
means of a reversed heat-engine driven by a direct engine taking
in a small quantity of heat at a high temperature. [L. B.Sc. Hons.]

9. What is meant by the efficiency of a heat-engine? Give an
account of the Kelvin thermodynamic scale of temperature, and
show that it is identical with the gas scale for a perfect gas.

[L. B.Sc. Pass.]
10. What do you understand by entropy? Show that the

entropy of any system persistently tends to a maximum.
2 A
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1 1 . What is a 00 diagram ? Draw a 6<f> diagram for a Carnot

cycle, and point out the utility of such a diagram.
12. Prove the following thermodynamic relation

dp\ h
)v T

for any substance, where /T denotes the latent heat of unit expan-
sion at temperature T, and show how to find the absolute tern

perature T in terms of the temperature determined by a perfect gas.

[L. B.Sc. Pass.]

13. Explain clearly why the melting-point of ice is altered by
pressure.
What would be the melting-point of sulphur under a pressure of

20 atmospheres ?

Latent heat of melting =9.4 calories,

density of solid sulphur =2,
density of liquid sulphur= 1.9,

melting-point under pressure i atmosphere 115,
Joule's equivalent =4. 2 x io 7

.

[L. B.Sc. Pass.]

14. Find an expression for the change of the boiling-point of a

liquid with pressure. [L. B.Sc. Pass.]

15. Investigate the effect of pressure on the melting-point of a
solid. If the latent heat of naphthalene is 35.5, the densities of the
solid liquid 1.145 an<^ 0.981 respectively, and the melting-point
80 C., calculate the change in melting-point per atmosphere change
in pressure.

16. What do you understand by osmotic pressure? Investigate
the influence of the concentration upon the freezing-point of a
salt solution.



ANSWERS TO QUESTIONS

CHAPTER I

i. (a) 55.4 F., 113 F.,'244.4 F.; (6) -9-44 C., 6.1 1 C., 34-4 C.

2. 40. 10. 1.053:1.

CHAPTER II

1. 23.S3C. 3. .O575cms. 4. .0396. 5. 45.03701118. 6. .0000121.

7. (a) 313.55 sq. cms. ; (b) 314.03 sq. cms. 9. .i64cms. 12. 10008.25
cub. yds. 15. It =99-9 (

i +.OOOO2/), 0.00006. 16. .0045 c.cs. increase.

17. .0000455%. 19- 454-5 C. 20. 1.09414 yds.

CHAPTER III

2. .00065. 4. 100.54 divisions. 10. 110 C. 14. 90.68 C. 15.

.0357 cms.

CHAPTER IV
2. 21.55. 3. 1330 C. 5. 3.52 grs. 6.

:f,v 9. 30 in. 12.

.1819 cub. ft. 13. 1 72.46 c.cs. 16. i.20 ft. 22. 5, X io 4 cms. per sec.

CHAPTER VIII

4. 65.5 in. n. B higher when temperature raised, A when
temperature lowered.

CHAPTER IX
3. .012. 6. .83. 7. 90.72 c.cs. 8. 2:1.

CHAPTER X
5. .983 C. 9. 31.7 C. 10. 0.638. 13. Iron lb., copper i Ib.

14. W.E. 12, sp. ht. .112. 18. 4.76 grs.

CHAPTER XI
i. 40:61. 2. 787.5 cals. 3. 635. 4. 19 grs. 5. 8.34 grs. 6.

7.06 grs. 7. 146,800 calories per hour. 8. 2420 and 5345 tons.

9. 1 1. 12 grs. 12. 10 hrs. 36 mins. 13. 530,',. 14. .5. 15. 8.99
cms. 1 6. 0.088.

CHAPTER XIII
6. 7.5x10* cals. 7. iSxio 5

grs. 8. .0003. 9. 53.3 mins., if

p
= i. 13. .0000126. 14. 139.936 C., 40.4 grs.

CHAPTER XV
4. |. 6. 1.46 grs. 8. 4.i8xio 7

ergs. 10. 14,388.5 C. 12.

341,083 units.

CHAPTER XVII
13. 1 1 5.476 C. 15. .035 C. increase per atmos.
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INDEX
ABSOLUTE and apparent expansion,

46
Absolute temperature, 69, 352
Absorptive power, 277
Adiabatic change, 316
Adiabatic curves, 316; slope of, 320;

equations to, 331 ; interpretation
of, 321

Aitken, 163
Alcohol thermometers, 7

Algol, temperature of, 292
Alloys, eutectic, in
Altschul, 142
Amagat, 75, 76
Amontons, 5

Amorphous substances, 100
Andrews' calorifer, 186

Anticyclonic systems, 233
Athermancy, 262

Atmosphere, water vapour in, 161

Atomic heat, 195
Atoms, 78
Attraction, molecular, 83
Avogadro's law, 87

Balance-wheel, compensated, 43
Barnes, 188, 189, 191
Barometer, temperature-correction

for, 6 1

Berthelot's apparatus, 206
Bertram's formula, 137
Biot, 243, 246
Boiling, 115
Boiling-point, 115; influence of

pressure on, 120, 365; influence
of solutions on, 123, 151, 152;
standard conditions for, 10; values

for, 120

Bolometer, Langley's, 283
Boltzmann, 289
Boyle's law, 71, 86; deviation from,

75
Boynton, 340
Boys' radio-micrometer, 266

Bridges, expansion of, 42
Bunsen's ice calorimeter, 211

Cailletet, 75
Callendar, 56, 188, 308
Calorie, 176

i Calorifer, Andrews', 186
! Calorimeter, Bunsen's ice, 211;

Joly's steam, 214
Calorimetry, 178
Carnot's cycle, 346, 350, 360
Centigrade thermometers, n
Change of state, 98, 115
Charles' law, 67, 68, 87
Chemical hygrometer, 172
Chimney draught, 226

Clapyron's cycle, 354
Clausius, 93
Clement and Desormes, 335
Clinical thermometer, 17
Clouds, 165
Comparator apparatus for expan-

sion, 29
Compensated balance-wheel, 43;

pendulums, 42, 43
Condensation, 117, 161; above

.earth's surface, 163, 164
Conduction, 220, 236; general

theory of, 237; examples of, 238
Conductivity, thermal, 238; com-

parisons of, 239; determinations

of, for solids, 241 ;
determinations

of, for liquids, 249; determina-
tions of, for gases, 251; results

for solids, 249 ;
results for liquids

and gases, 255 ;
effect of tempera-

ture on, 253; temperature waves,
253

Conservation of energy, 302
Constants, Van der Waals', 93 ;

criti-

cal, 144, 146
Constant-volume gas thermometer,

69
Convection, 220; chimney draught,

226; cyclonic systems, 230;
general principle of, 221

; heating
of buildings, 226; hot - water-

supply in houses, 224; in liquids,

58, 220, 223; land and sea

breezes, 227; periodic winds, 228

Cooling, Newton's law of, 181
;

cor-

rection for calorimeter, 184
Corresponding states, 145
Critical point, 141; temperature,

124, 141
Cryophorus, Wollaston's, 155

372



INDEX 373

Cubical expansion, 38
Cyclic changes, 314, 344
Cyclonic systems, 230; motions of,

232

Daniell's hygrometer, 166

Davy, 304
Degradation of energy, 303, 352
De la Provostaye and Desains, 275,

277
Density, effect of temperature on, 38
Depressed-zero error in thermo-

metry, 13
Depretz, 75
Dew, 162

Dewar, 148; flasks, 148
Dew point, 163, 165
Diathermancy, 262

Diffusion, coefficient of, 89
Diffusion of gases, 82, 89
Dilatometer, 47
Distillation, 119
Doldrums, 229
Drew, 185
Dulong, 75
Dulong and Petit, 49, 194

Edser, 239
Efficiency of heat engines, 349
Elasticity of a gas, 329
Electricity, applications to thermo-

metry, 19
Electrons, 78
Emissive power, 274
Emissivity of radiation, 273
Energy, 297 ; mechanical, 297, 298 ;

kinetic, 298, 299; potential, 298,
299; sources of, 299; heat, 300;
other forms of, 301; law of con-
servation of, 302 ; degradation of,

303, 352; total in a body, 322;
wave-length curves, 288

Entropy, 356
Ether, the, 221; waves in the, 261
Eutectic alloys, in; point, 112

Evaporation, 115, 124, 161; loss of

heat on, 125; influence of air on,

129, 161

Expansion on heating, 2; of solids,

2, 27; of liquids, 2, 46, 56; of

gases, 3 ;
force of, 41 ; applica-

tions of, 42 ;
influence of pressure

on, 61; thermostats, 62

Fahrenheit, 5; thermometers, n
Fery's pyrometer, 17, 18, 19
Fire alarms, 42, 43

First law of motion, 296
Fixed points of thermometers, 9, 98
Fizeau's interference method for

expansions, 32
Flowers of sulphur, 126

Fog, 164
Forbes, 243, 244, 246
Force, definition of, 296 ;

of thermal

expansion, 41
Fractional saturation, 171
Freezing mixtures, 113
Freezing-point, 99 ;

of salt solutions,

113, 150, 367

Galileo, 4, 6
Gas equation, 68

Gases, conductivity of, 251, 253;
diffusion of, 82, 89; elasticity of,

329; expansion of, 65; internal

energy of, 81
;

kinetic theory of,

76, 84; liquefaction of, 146; per-
fect, 74; pressure of, 82; specific
heat of, 190, 198, 324; viscosity
of, 90, 91

Gay-Lussac, 135
Glaciers, motion of, no
Gold, 35, 84, 102

Graham, 43
Graham's law of diffusion, 89
Gram-degree, 176

Hail, 165
Hampson, 148
Harrison, 43
Heat and work, 322
Heat, as energy, 299; atomic, 195;

capacity for, 176; engines, effi-

ciency of, 349; latent, 99, 116,
125, 202; mechanical equivalent
of, 303; molecular, 197; radia-
tion of, 260; reflection and re-

fraction of, 268; specific, 174, 176,
i77, 185; total, 2ii

;
transfer-

ence of, 220; unit of, 174, 176
Heaters, types of, 180

Heating of buildings, 226
Hoar frost, 165
Holborn and Henning, 193, 198
Hollow bodies, expansion of, 39
Hope's maximum density appara-

tus, 59
Hopkins, 108

I

Hotness, sensation of, i

! Hot-water supply in houses, 224
Humidity, relative, 171
Hygrometers, 166, 167, 172
Hygrometric state, 171

Hygrometry, 161
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Ice calorimeter, Bunsen's, 211; ex-

pansion of, 57, 101
;
formation of,

60

Illumination, 291
Ingenhousz, 239
Interference method for expansion,

32
Internal energy, 81

;
work during

expansion, 317
Invar, 35
Inverse square law, 271
Iron, melting of, 102

Isentropic, 361
Isogeotherms, 256
Isothermals, 73, 95, 139, 3*5

Joly's steam calorimeter, 214, 217
Joule, 12, 58, 304, 319
Joule and Kelvin, 148
Joule- Kelvin effect, 148, 149, 319,

327
Jupiter, 90

Kelvin, 352
Kinetic energy, 298, 299
Kinetic theory of gases, 77, 84;

of solids and liquids, 83
Kundt and Warburg, 251

Land and sea breezes, 227
Langley's bolometer, 283, 291; re-

flection grating, 287
Latent heat, 99, 116, 125, 202;

Berthelot's apparatus, 206; cal-

culations, 203; determinations,

204; influence of pressure and

temperature on, 209, 362; of

fusion, 202, 208, 362; of ice, 207;
of steam, 205; of vaporisation,

202, 205, 206, 364; values, 203
Lees, 246, 247, 249, 257
Leslie, 275, 276
Light and heat, nature of, 261

Linde, 148
Linear expansion, 35

Liquefaction of gases, 146
Liquids, expansion of, 46; specific

heat of, 1 86, 199
Lodge and Lees, 246
Looser's double thermoscope, 175
Liimmer and Pringsheim, 289, 291

Mars, 90, 293
Matter, molecular structure of, 77
Maximum density of water, 58, 59,
60

Maximum thermometer, 16

Maxwell, 252
Mayer, 329
Mean free path, 8l
Mechanical energy, 298 ; equivalent

of heat, 303, 304, 306, 308
Melting-point, 5, 9, 98; amorphous

substances, 100; and pressure,
108, 365; and volume, 101;
curve of, 157; determinations of,

104; values for, 107, 108

Mica, 22
Minimum thermometer, 16

Mist, 164
Molecular attraction, 83; heat, 197;

velocities, 86, 88, 89
Molecules, 77, 78, 80

Monsoons, 229
Moon, 90

Natterer, 75
Newton's law of cooling, 181, 289;

first law of motion, 296
Nicholls' radio-micrometer, 267
Nitrogen, 76
Nobili's thermopile, 265

Osmosis, 366
Osmotic pressure, 366
Overheating, 116

Pauli, 253
Peclet, 241
Pendulums, compensated, 42, 43
Perfect gases, 74; radiators, prac-

tical forms of, 289
Phillips, 31

Photographic method for expansion,
3i

Pictet, 147
Platinum resistance thermometer,

19, 22

Porous-plug experiment, 319
Potential energy, 298, 299
Pouillet, 75

Poynting, 292
Pressure, critical, I 4 I

, 142; in-

fluence on boiling-point of, 120;
on freezing-point of, 108; on ex-

pansion, 61
;

of gases, 87; of

vapours, 116; thermostats, 122
Prevost's theory of exchanges, 280

Principle of resonance, 281

Pringsheim, 336
Printing-type metal, 102

Pyrometer, Fery's, 17, 18; Fery's
electrical, 24; Wanner's, 25, 289
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Radiant energy, 260, 261; inverse

square law for, 271
Radiation, 221, 260; absorptive
power of, 277; detection of, 262;

diathermancy and athermancy,
262

; emissivity of, 273 ; energy
of, 288; intensity of, 271; laws

of, 268; measurement of wave-

lengths of, 285; reflective power
of, 276; Stefan's law of, 289;
theory of exchanges, 280; Wien's

law, 289
Radiometer, Crookes', 264
Radio - micrometer, Boys', 266;

Nicholls', 267
Rain, 165
Ramsay and Young, 135, 138
Reaumur thermometers, n
Reflecting power, 276
Reflection grating, 287
Refrigerators, 126

Regelation, 109
Regnault, 48, 49, 66, 191, 197, 198
Regnault's hygrometer, 166
Relative humidity, 171
Resonance, principle of, 281

Richarz, 196, 197
Ritchie, 278, 291
Rontgen, 336
Rowland, 306
Roy and Ramsden, 27
Rubens' linear thermopile, 283 ;

interference method for wave-

lengths, 285
Rumford, 304

Salt solutions, expansion of, 61
;

freezing-point of, 113
Saturated vapours, properties of,

133; and temperature, 161;
super-, 163

Saturation, 129; pressure of solu-

tions, 153
Saturn, 90
Scale of temperature, absolute, 352
Second law of thermodynamics, 344,

352
Secular error in thermometers, 12

Semi-permeable membrane, 366
Six's thermometer, 16

Smell, 126, 156
Snow, no, 165
Solar temperature, 292
Solids, expansion of, 27, 35 ; specific

heat of, 185
Specific heat, 174, 176; cpnstant-

flow method, 188; determinations,

185; general results for, 193, 199;
of gases, 190, 199, 217, 324; of

liquids, 186, 198, 217; of solids,

J85, 193, 2ii
; values, 177

Spectrum, thermal, 282

State, change of, 98, 115
Steam calorimeter, Joly's, 214, 218
Stefan's law, 289
Stellar temperatures, 292
Sublimation, 126, 156; curve, 157
Sun, 90, 292
Supercooling, 61, 100, 104
Superficial expansion, 37
Superheating, 116

Super-saturation, 163

Temperature, i
; absolute, 69 ;

ab-
solute zero of, 69; absolute

thermodynamic scale of, 352 ;
ana-

lytical definition of, 14; critical,

124, 141, 142; entropy diagram,
360; waves of, 253

Theory of exchanges, Prevest's, 280

Therm, 176
Thermal capacity, 177; conduc-

tivity, 238; spectrum, 282

Thermodynamics, 312; cyclic

changes, 314; first law of, 309;
graphical representations, 312;
second law of, 344, 352

Thermometer, 2; air, 5; clinical,

17; constant-volume gas, 6, 69;
correction-curve for, 14, 15;
differential, 6; errors in, 12, 13,
62

;
fixed points of, 9 ; history of,

4; liquid, 7; maximum and
minimum, 16, 17; platinum re-

sistance, 19, 22; thermo-couple,
22, 23; weight, 48

Thermopile, linear, Rubens', 283;
Nobili's, 265

Thermoscope, Looser' s, 175; radia-

tion, 264, 265
Thermostats, 62, 63, 122

Thomson, Sir J. J., 78
Total heat, 211
Trade winds, 229
Transference of heat, 220

Triple point, 157
Tube method for expansion, 30

Undercooling, 61, 100, 104
Unsaturated vapours, 128, 130, 131

Van der Waals' equation, 91 ;
con-

stants, 93, 144
Van t'Hoff, 367
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Vapour pressure, 129; at boiling-

point, 16; of solutions, 150
Vapours, properties of, 128, 150;

saturated and unsaturated, 128,

129
Venus, temperature of, 293
Viscosity, 90; coefficient of, 91
Volume, critical, 141, 143; expan-

sion, 38

Wanner's pyrometer, 25, 289
Water, circulation by convection,

223; equivalent, 178; expansion
of, 56; maximum density of, 57;

supercooling of, 61
; vapour in the

atmosphere, 161

Wave-length, measurement of, 285
Waves of temperature, 253
Weedon's apparatus, 28

Weight thermometer, 48
Wet and dry bulb hygrometer, 167;

statistics, 169, 170
Wheatstone bridge, 21
Wiedemann and Franz, 243, 246
Wien's law, 289
Wollaston's cryophorus, 155
Work, 297
Work and heat, 322

Zero of entropy, 357
Zero of temperature, absolute, 69
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